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ABSTRACT 
Exhaust Gas Recirculation (EGR) can be used to significantly reduce diesel 
engine emissions and in particular oxides of nitrogen (NOx). However, its use is 
believed to increase engine component wear for items such as the piston ring 
and liner, bearings and marginal lubrication areas of the valve train. Piston ring 
and liner wear is believed to increase due to the effect of EGR on in-cylinder 
corrosion and abrasion wear mechanisms. 
This study has investigated piston ring and cylinder liner wear on a 1.0 
litre/cylinder, four cylinder, four stroke diesel engine when EGR is applied. The . 
work has included extended engine durability running over 2000 hour periods for 
two engines. A matrix wear. experiment has been conducted, measuring 
component wear using Thin Layer Activation (TLA) techniques. Component 
wear rates were measured over a test envelope where the engines' oil condition, 
EGR level, coolant temperature, fuel sulphur content, engine load and uncooled 
EGR were varied at a particular engine speed. These results are examined and 
implications for implementing EGR for· future low emissions engines are 
discussed. 
The most important conclusion from this work is that when cooled EGR was 
applied, a significant increase in wear was observed with EGR levels of between 
10% and 15%. The wear increase was proportional to the increase in the soot 
content in the cylinder, which had a fundamental effect on the piston ring and 
liner wear and on the oil quality. it was concluded, therefore, that wear was a 
function of the soot loading of the oil and soot loading of the combustion 
chamber, rather then simply the level of EGR. Corrosion induced wear with 
EGR did not appear to be significant with current fuels. 
The results of this study have significant implications for the use of EGR in 
meeting the emission requirements for on and off-highway legislation in the 
2002-2008 timeframe. To meet these emission levels, soot levels are likely to 
be significantly lower than those of the test engine. This will therefore 
substantially reduce the soot level in the cylinder and reduce the oil ageing 
effect. it is therefore possible that future low emission engines, using high levels 
of full load EGR, may not produce the levels of soot seen in this study and 
therefore may have no significant EGR wear problems for the piston ring and 
cylinder liner. 
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NOTATION and GLOSSARY OF TERMS 
AFR 
BDC 
Bmep 
Cooled EGR 
Counts 
Dl 
EGR 
Euro (n) 
Fed (yr) 
Air:fuel ratio (by mass) 
Bottom Dead Centre 
Break Mean Effective Pressure (kPa) 
EGR with a cooler in the EGR circuit 
Unit of level of radiation detected 
Direct Injection of fuel into engine cylinder 
Exhaust Gas Recirculation 
European On-Highway emission legislation (n) 
United States on highway emission legislation (year of 
introduction) 
Heavy Duty Diesel For this study: > 2.5 litre/cylinder 
101 Indirect Injection of fuel into cylinder via a prechamber 
Light Duty Diesel For this study: < 0.7 litre/cylinder 
Load Factor Actual fueling/Full load, rated speed fueling 
Long Route EGR EGR from exhaust manifold to compressor inlet 
Medium Duty For this study: 0.7 <litre/cylinder <2.5 
NOx Total Nitrogen Oxides (e.g NO+ NO,+ N03 etc) 
OFR Oxygen:fuel ratio (by mass) 
Primary Soot Size Single soot particle size prior to agglomeration effects 
SAE nnW/nn SAE viscosity grade for oil 
Short Route EGR EGR form exhaust manifold direct to inlet manifold 
Soot Content 
Stage (n) 
%Sulphur 
%by mass 
European Off-Highway emissions legislation (n) 
%by mass 
iii 
TAN 
TBN 
TDC 
Tier (n) 
TLA 
TRR 
Uncooled EGR 
VGT 
Viscosity 
Zeldovich 
ZnDTP 
Oil: Total Acid Number- an indication of the oils acidic 
properties 
Oil: Total Base Number- an indication of the oils alkaline 
properties 
Top Dead Centre 
United States off highway emission legislation (n) 
Thin Layer Activation (also known as SLA- Surface 
Layer Activation) 
Top ring reversal point on the liner surface 
EGR with no cooler in EGR circuit 
Variable geometry turbocharger 
All viscosity discussed is Kinematic unless otherwise stated: 
Mechanism governing NOx formation 
Antiwear oil additive: Zinc dialkyldithiophosphate (ZnDtp) 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
INTRODUCTION 
Emission levels for medium-duty diesel engines (approximately 1.0 litre/cylinder) . 
for the 2002 - 2008 legislation years are expected to be considerably reduced 
from today's levels for both on and off-highway engine applications. The oxides 
of nitrogen (NOx) levels currently under consideration will not be met using 
current production technologies and therefore new in-cylinder or exhaust 
aftertreatment techniques will be required. 
Exhaust Gas Recirculation (EGR) is one technique for NOx reduction not 
currently in production on medium or heavy-duty diesel engines. lt is possible to 
use EGR to achieve a significant reduction in NOx whilst maintaining particulate 
levels. Within the authors' company (Perkins Engines Company Limited), the 
combination of EGR and high pressure fuel injection (up to 1600 bar) on a 1.0 
litre/cylinder engine has demonstrated the capability of achieving less than 3.0 
g/kWh NOx and 0.08 g/kWh particulates without the need for exhaust 
aftertreatment. Therefore, EGR is a possible technology for the anticipated NOx 
levels for 2002-2008 legislation both on and off-highway. 
Currently EGR is used in production on light-duty automotive diesel engines 
such as those found in passenger cars and light commercial vehicles. In these 
applications, EGR is applied at low load (i.e. low bmep) conditions where excess 
oxygen is present and particulates are well controlled. However, medium-duty 
diesel engines are tested to different regulatory emissions cycles. Typically 60% 
of the total NOx in these cycles is produced at full load engine conditions. 
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Therefore, larger diesel engines require the application of EGR at full load (high 
bmep) conditions. This is the main practical distinction between light-duty and 
medium-duty EGR systems. Importantly, the use of EGR at high engine loads 
may lead to lower durability of the EGR system and engine. 
it has been suggested that the use of EGR at high bmep levels may increase the 
wear of engine components which experience periods of marginal lubrication; for 
example the piston rings, cylinder liner, valve train and various bearing systems. 
In addition, it is believed the use of EGR will have a detrimental effect on oil 
quality. This will influence oil life and engine service intervals at a time when the 
market requires these to be extended. Due to these factors, there is a 
reluctance for the industry to adopt EGR as a production strategy for reducing 
NOx on medium-duty engines. 
During a preliminary literature survey it was possible to divide EGR concerns into 
the two following groups: 
1) Oil condition and its deterioration through: 
a) 
b) 
c) 
and d) 
higher soot loading 
viscosity increases (due to soot loading) 
additive depletion (due to soot at oil films) 
increase in acidity of oil (due to presence of EGR gases) 
2) In-cylinder corrosion and abrasion environment due to: 
a) EGR gas presence and level 
b) In-cylinder soot level with EGR 
c) fuel sulphur content 
d) cylinder wall and engine coolant temperature 
The research reported in this thesis was undertaken to identify the validity of the 
above concerns for medium-duty diesel engines. The rest of this first chapter 
surveys the published literature to-date, pertinent to the effect of EGR on diesel 
engine performance and wear. This provides a basis for the experimental 
programme that is presented and discussed in subsequent chapters. 
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1.1 THE EFFECT OF EGR ON COMBUSTION 
EGR systems recirculate a proportion of the engine exhaust gas back to the inlet 
manifold of the engine. The presence of the exhaust gas in the intake cha.rge 
reduces the NOx produced by the engine in a number of ways. 
NOx formation within engines is due to a reaction between N2 and 0 2 at 
temperatures above 1800K {1 ,2), with NOx formation increasing rapidly above 
these temperature levels. The formation occurs predominantly in high 
temperature burnt gases, near the flame of the burning fuel spray. 
The recirculation of exhaust gas into the inlet charge reduces the peak 
combustion temperature and therefore reduces the quantity of NOx formed. 
This has been investigated experimentally and is illustrated in Figure 1 (2). The 
figure shows the effect of increasing levels of EGR on the frequency of high 
peak combustion temperatures. lt can be seen that increasing the EGR level 
decreases the high temperature periods which are effective at creating NOx and 
therefore NOx decreases. 
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Figure 1: Effect of EGR on Flame Temperature Drstribution (2) 
3 
The mechanisms by which the presence of exhaust gas in the combustion zone 
decrease the peak combustion temperature have been investigated by 
Ladommatos et al (3). They suggested that three EGR mechanisms can occur 
(3). These are known as dilution, thermal and chemical effects. 
a) The dilution effect. This is the most effective of the three mechanisms (3). 
The exhaust gas recirculated to the inlet displaces fresh air and the exhaust gas 
has a lower oxygen content than ambient air. Therefore, as EGR is applied, the 
oxygen available for combustion is reduced. This decreases the oxygen to fuel 
ratio (OFR) in the cylinder. Therefore, less oxygen is present in the combustion 
zone and the reaction between oxygen and nitrogen within the Zeldovich 
mechanism is lowered (1 ,2). Figure 2 (1) illustrates the effects of various 
diluents on oxygen concentration when they are applied to the engine inlet air 
flow. it can also be seen that different diluents have differing effectiveness on 
NOx levels. Exhaust gas will be made up of varying levels of N2, 0 2 and C02 
depending on operating condition. 
600 
500 
400 I 
~ j c. ':300 "" z 
200 
lOO Nz Exhaust 
gas 
J 21 20 19 18 17 16 
Oxygen concentration, vel % 
Figure 2: Effect of Diluents On Oxygen (1) 
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b) The thermal effect of EGR is attributed to the constituents of the exhaust gas 
such as CO, C02 and HzO. These all have higher specific heat capacities than 
N2 or 02 contained in air. Therefore, during combustion, the heat generated is 
absorbed more effectively by the exhaust gas than a fresh air inlet charge. This 
reduces the temperature in the combustion zone and therefore the effectiveness 
of NOx generation. 
c) The chemical effect is related to the dissociation of the combustion gases to 
form NOx (3) within the Zeldovich Mechanism: 
0 + N2 = NO+ N .... (a) 
N + 02 = NO+ 0 .... (b) 
Two possible chemical effects have been proposed: (i) that the presence of 
lower levels of 0 2 allows less NOx formation in (b) and (ii) that this is partially 
balanced by new dissociation of exhaust gas from C02 to 0 2. it is still unclear 
how strong the chemical effect is or whether it acts positively to reduce NOx 
formation when EGR is applied (3). 
Based on these three mechanisms (a, b and c above), it is possible to simplify 
the effects of EGR into the effect on oxygen level and the effect on combustion 
peak temperature. The dilution and chemical effects directly affect the 0 2 
availability and hence they affect the Zeldovich NOx formation mechanism rate. 
The thermal effect does not alter 0 2 availability but reduces the temperature of 
the combustion zone in which NOx is formed and therefore the rate of NOx 
formation. 
Laddomatos et al (3) concludes that in general dilution is the primary effect. 
However, where 0 2 dilution does not occur, the thermal effect is considered to 
be the main mechanism for NOx reduction. 
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1.2 TYPES AND APPLICATION OF EGR SYSTEMS 
EGR is currently used in light duty production engines - primarily in automotive 
applications. These engines are tested to emission cycles which are 
predominantly run at light-load conditions. At these points OFR is high. The use 
of EGR is to dilute the intake air, therefore reducing the OFR and NOx 
formation. With EGR applied the OFR is sufficient to maintain a low particulate 
level (3). 
However, the test cycle for medium duty engines requires full load EGR for 
effective cycl~ NOx reductions (4). lt is commonly believed (4,5,6) that the OFR 
should be maintained at full load conditions when using EGR, in order to 
produce low NOx and particulates together. This approach is considered to be 
necessary for Euro IV levels of emissions (4,5,6). Using this approach the EGR 
NOx reduction effect is not a dilution effect. Therefore, it is the thermal and/or 
chemical effect occurring which leads to the NOx reduction. The use of EGR at 
full load with a constant OFR has an impact on the EGR system and engine 
design. When EGR is applied at full load there are two systems which are often 
used to maintain OFR for particulate control. The first is to incorporate an EGR 
cooler into the EGR system. This cools the exhaust gas prior to mixing with inlet 
air. this increases the density of the exhaust gas and therefore the mass of 0 2, 
N2 and C02 for a given volume of gas. The 02 increase helps reduce 
particulates. The C02 and N2 will also aid the effectiveness of the thermal EGR 
effect, reducing NOx formation. 
The second method for controlling particulates is the use of a rematched 
turbocharger or Variable Geometry Turbocharger (VGT) to maintain the air mass 
of the cylinder. 
6 
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This is illustrated in Figure 3 (6) which shows the influence of increased boost 
pressure and constant AFR (air:fuel ratio) on particulate levels, combined with 
reduced NOx. This figure also shows the effect of uncooled EGR at constant 
and varying boost pressures. A recent theoretical study (7) has further . 
expanded this area and describes a variety of methods for using EGR whilst 
maintaining particulate control. This study investigated optimum solutions for 0 2 
content at the EGR levels required for Euro IV NOx. 
Figure 3: 
Arrow tndicatE!s direction of increas1ng boost pressure 
x-)( At constant boost pressure 
s - - -o At constant air/fuet ratio 
· EGR 12% 
v·~---------~-----o 
·--
40 ~ 
:3.5 ..9 
• 3.0 0 • • l
4.5 
. z 
,g 20[ ·-e 1a 
a; 
.2 16 
"' ;;: 14 
- ::.::_:- - - :_ -:_-_-_-_f:..._ ____ -<l 
-· 
-=- 250 
~ 240 
£! 230 
<.:> 
il; 220 
-~·boost 
______ ~ ~pressure 
llloj:-. - - - - - - - -o- - - - - - - -~ 
,__,----· 
~~--J----~ 
2.5 
"' 210 L--'---'----'------''----'---'--- -
40 50 60 70 80 90 100 110 
Inlet manifold temperature (•C) 
:.Gr1 ccoter effectiveness 
85% No cooter 
Effect of Boost Pressure and Constant AFR (6) 
In many medium duty engines the inlet air pressure is often above that of the 
exhaust manifold pressure. Therefore, an additional pressure device must be 
used to help deliver the EGR into the engine. The use of a venturi to create a 
local lower pressure in the inlet has been used (4,5) and often in combination 
with a VGT in order to artificially raise the exhaust manifold pressure (4,6). 
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The final choice and combination of turbocharging and EGR flow device will be 
dependent on the level of EGR an engine requires as well as fundamental 
issues such as the engine rating, bmep levels and the applicable emission 
legislation limits. 
For Euro IV the levels of EGR required are anticipated to be around 10 to 15% 
EGR by mass (4,5). A typical Euro IV medium duty EGR system is shown in 
Figure 4. The exhaust ga:> is taken from the exhaust manifold before the 
turbine. lt is then routed through external pipework to the inlet of the engine. In 
engines with efficient turbochargers the exhaust manifold pressure is often lower · 
than inlet manifold pressure and a venturi is often used to allow a local pressure 
drop where EGR may mix with a proportion of the inlet air. The remaining inlet 
air is diverted through a straight section of pipework to minimise the pumping 
loss associated with the venturi. 
Figure 4: 
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Medium Duty EGR System (5) 
Having outlined the methods and systems used for EGR this literature review will 
now consider the effect of EGR on engine durability and associated systems. 
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1.3 THE EFFECT OF EGR ON OIL CONDITION 
There are three primary measures of oil quality and deterioration with use. 
These are the increase in oil soot level, increase in oil viscosity and decrease in 
the Total Base Number (TBN). Additional measures such as oil oxidation and 
the level of additives for detergency, dispercency and antiwear properties also 
illustrate the oil quality as its age and running exposure increase (1 ,8,9). 
In terms of direct wear, the most significant oil ageing effect is the increase in oil 
soot levels due to exposure to diesel combustion. lt is believed that soot is 
exposed to the oil during combustion and during the expansion stroke of the 
engine. As the piston moves down the liner in the expansion stroke, oil is 
scraped off by the rings into the sump (1 0). The effect of blowby on oil soot 
loading is not thought to be a significant mechanism, contributing about 3% of 
the total oil soot content (1 0). Therefore, the majority of contaminants reaching 
the oil in the sump are transported within the oil film. 
There is a concern that the use of EGR will have two effects on in-cylinder soot 
conditions: (i) it will lead to poorer combustion, therefore increasing soot levels, 
and (ii) soot will be present on all four strokes of the cycle. Both will lead to 
higher soot transportation rates and increased oil film exposure to soot. 
In-cylinder sampling supports the first theory and it has been shown that the 
level of soot produced during combustion is significantly increased when EGR is 
applied (11 ). This is illustrated in Figure 5 which shows the effect of EGR on in-
cylinder soot. This study (11) used a light-duty four cylinder engine of 2.5 litre 
capacity. The recirculated exhaust gas flow diluted the inlet air and this led to a 
significant increase in particulate level from the engine. lt is important to note 
that whilst the particulate level emitted after oxidation is doubled, the peak soot 
level prior to oxidation is significantly more than doubled with EGR. lt is clear 
the use of EGR may significantly increase oil exposure to soot despite having a 
smaller effect on exhaust particulate emitted by the engine. 
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Figure 5: 
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In-Cylinder Soot Levels with EGR Applied (11) 
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Several other EGR studies have confirmed a rise in soot or insoluble organic 
fraction levels in the oil when EGR is used (12, 13, 14). The effect of EGR in 
this way may be dependent on the engine conditions used such as speed, load, 
EGR level and running time. Higher soot loadings may occur as load increases 
and as combustion becomes less tolerant of EGR. 
Examples of the soot loading of the oil are found in (13) which tested a light-duty 
four cylinder, indirect injection engine. This was operated at typical engine 
conditions with oil and coolant temperatures of 105 and 85°C respectively. The 
insolubles in the oil directly increased with EGR level. They were mainly soot 
derived carbon. Three EGR rates of 0, 17 and 25% EGR were investigated over 
100 hour test periods. 
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The insoluble levels in the oil increased from 1.38% to 2.34% and 3.73 % 
respectively. Typical insoluble increases in oil are illustrated below in Figure 6 
(14). 
3 
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Figure 6: The Effect of EGR on Insoluble in Oil (14) 
A medium duty study measured insoluble content in the oil over two 250 hour 
periods, covering two separate oil changes (14). EGR was applied to a heavy 
duty, turbocharged and intercooled, 1 0 litre six cylinder engine. Two speed and 
load combinations were tested and the engine was cycled from one condition to 
the other every five minutes. The settings were: 
1) 35% EGR, 20% engine speed, no load (possibly idle) 
2) 15% EGR, 60% engine speed, 20% load (possibly peak torque speed) 
Several studies have concluded EGR has no effect on oil condition (15, 16, 17). 
These have used EGR at lighter load conditions, where combustion is less 
affected by the use of EGR, or where only small amounts of high load EGR have 
been applied. lt is likely there is a relationship between the level of EGR, engine 
load, speed and soot creation and transportation rate to the sump. 
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The soot loading of the oil will have two primary effects. The first effect will be to 
directly increase wear. This will occur if the primary soot size (i.e. individual 
particle size) is greater than the oil film thickness, leading to soot induced 
abrasion. In addition, if the soot particles or agglomerates prevent local oil flow, 
oil film formation will be inhibited. it is possible that metal to metal component 
contact may then occur. This direct soot wear effect is unlikely for the majority of 
the ring and liner stroke as the oil film is approximately 1 OOnm thick, whilst 
primary diesel soot size is about 30nm in diameter. 
The second effect will be an increase in oil viscosity due to soot. This will 
increase wear on engine start up, or at low temperatures, where the oil wiil take 
longer to reach critical areas due to its relative inability to flow freely. The effect 
of increased viscosity on wear is illustrated in Figure 7 (20). High pressure will 
increase local oil viscosity, potentially to the extent that the oil will act as a solid 
under extreme conditions. The balance of viscosity required · to serve the 
opposing functions of oil film thickness and free flow leads to effective upper and 
lower viscosity limits. This complex trade-off is illustrated schematically in Figure 
7 (20). 
However, there is currently some debate over whether viscosity (as traditionally 
measured) is an issue for wear. Mainwaring (21) argued that the viscosity of the 
oil increases in the presence of increasing soot levels. He then confirmed that 
soot will agglomerate and thicken the oil. However, he claimed the forces acting 
on the oil film at component interfaces were sufficient to break agglomerations 
and so lubrication was not inhibited by soot. Furthermore, the use of 
dispercency additives to prevent agglomeration did not decrease the wear of 
components due to dispercency alone. He argued that the level of dispercency 
additive in oil increased oil film thickness at the component. This enhanced 
protection against soot induced wear. He concluded that viscosity was 
unimportant for wear control as long as the oil can still freely flow to areas 
required. 
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Figure 7: 
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1.3.1 Total Base Number (TBN) and Total Acid Number (TAN) 
During combustion, acid products are formed due to the nitrogen and sulphur in 
the inlet air and fuel. The life of the oil will be reduced due to contamination. 
Eventually the oil will reach a condition where it can no longer protect the engine 
from acidic attack. 
Total Base Number (TBN) is a measure of an oil's alkalinity and its ability to 
neutralise acidic conditions. it is derived from a laboratory test which identifies 
the level of acid added to an oil before its alkaline properties are neutralised. 
Higher TBN oils are used in more highly corrosive situations. For example, on 
marine engines, where fuel sulphur levels are 1-5% by weight. European on-
highway fuels currently contain less than 0.05% sulphur. For good acid control it 
is desirable for the TBN number to be maintained throughout the oil's operating 
life. In practice, TBN will decline with oil exposure to combustion processes. 
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The Total Acid Number (TAN) is the reverse of the TBN and is a measure of the 
presence of acid in the oil. The TAN will increase as combustion products enter 
the oil. 
lt is possible that EGR increases acidic exposure due to recirculated exhaust 
constituents when sulphur is present in the fuel used. Therefore, it is probable 
that the TBN of the oil will decrease more quickly than in current engines. An 
analogy to the wear/oil deterioration with EGR can be seen in marine engines. 
Potential solutions to any corrosive wear effects with EGR may be similar to 
those employed in marine applications. 
McGeehan et al conducted a study on a four stroke IDI, single cylinder 
Caterpillar engine (1 Y73) (22) and the results for the ring are shown in Figure 8. 
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lt was found a 7.5 TBN was sufficient to neutralise the effects of 0.5% sulphur in 
the fuel. However, as the sulphur level increased to 1.0% a much higher TBN of 
20 was required. The engine was also tested with a 0% sulphur fuel which 
reduced ring wear as shown in Figure 8 (22). 
Further investigation concluded that very high sulphur levels (of 3.0% by weight) 
required a 70 TBN to minimise ring wear. Typically automotive oils have a TBN 
level of 10. 
In a second study into high sulphur fuel and its effect on oil TBN, a single 
cylinder, four-stroke, Caterpillar engine was tested (23). This demonstrated a 
decline in TBN with increasing fuel sulphur levels and the result is illustrated in 
Figure 9 (23). 
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Finally, a study using a Sulzer (2RF68M) marine engine also illustrated an 
increase in fuel sulphur level, which led to a decrease in the oil's TBN. This was 
particularly severe for greater than 3% sulphur levels when oils with TBN's of 70 
or less were used. The combined trade-off between engine wear, fuel sulphur 
levels and TBN were summarised in this work by Figure 10 (24). Clearly there is 
broad agreement and an established link between fuel sulphur level and in-
cylinder component wear. 
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Several EGR studies have established a similar corrosive wear mechanism in 
EGR engines (2, 14, 25, 26). These have investigated the effect EGR has on oil 
TBN levels. 
A study by Nagaki and Korematsu (25) applied SOz to the intake air of an 
engine. lt concluded that the presence of SOz led to a local decrease in oil TBN 
at the lubricating face of the oil film. The study found higher acidic conditions at 
the oil film were neutralised in the bulk oil of the sump (25). 
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Another study by Akiyama et al (26) concluded that increasing the oils TBN 
would aid the reduction of wear with EGR by reducing the corrosive in-cylinder 
conditions. This study established a link between a decrease in TBN as fuel 
sulphur levels were increased, this is shown in Figure 11 (26). 
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Figure 11: Effect of Fuel Sulphur on TBN decrease 
In two studies (2, 14) the Total Base Number of the bulk sump oil decreased 
when EGR was applied. Figure 12 (14) illustrates the reduction in oil alkalinity 
with and without EGR. 
The effect of fuel sulphur when combined with EGR has been considered in this 
section. Current on highway engines are expected to operate with fuel 
containing upto 0.05% of sulphur. The expected trend is for future on highway 
engines (by 2004) to be using fuel of 50ppm or less. The UK has already moved 
to 50ppm fuels at the time of writing. 
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Therefore, the combined effect of fuel sulphur and EGR on component wear 
may diminish for future engines using EGR on highway. For off-highway fuel it is 
expected the fuel sulphur level will also reduce progressively. it has already 
been reduced to 2000ppm in the Europe. As off-highway emissions reduce and 
approach those of on-highway engines, sulphur levels in fuel are expected to fall 
further. When EGR is used off-highway it is therefore possible the fuel sulphur 
and EGR combined wear effect may be less critical than that seen in some of 
the studies reviewed in this section. 
This Section has outlined the effect on oil condition with EGR and similar 
conditions. However, the increase in wear is not related merely to bulk oil 
condition. it has been shown in-cylinder/local oil film conditions are possibly of 
greater significance and these are reviewed in the next Section. 
Apart from core engine component wear the EGR system itself will be 
susceptible to durability issues. In particular the EG R cooler will be affected as 
acidic conditions are likely to lead to corrosion. An excellent study by McKinley 
(27) has investigated the effect of fuel sulphur and temperature on cooler 
component corrosion. 
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1.4 THE EFFECT OF EGR WITHIN THE CYLINDER 
Having investigated the effect of EGR on the oil it is necessary to identify the 
. mechanisms occurring within the cylinder at the ring and liner interface. The 
effects of EGR on these are then considered. 
1.4.1 In-cylinder Lubrication Regimes 
Over the stroke of the piston, two types of lubrication are known to occur within 
all engines. A third regime is also possible and these are identified below .. 
For the majority of the stroke between Top Dead Centre (TDC) and Bottom 
Dead Centre (BDC) hydrodynamic lubrication occurs. During the hydrodynamic 
phase, wear is low and is governed by the bulk characteristics of the oil (mainly 
its viscosity)(20). Hydrodynamic lubrication is illustrated for the top ring by Neale 
et al (28) in Figure 13. it can be seen that a full film of lubricant is present 
between the ring and liner. The ring is scraping an oil film before it as it moves 
up the cylinder bore. The loadings of the ring are perpendicular to the liner 
surface and there is no contact between the ring and liner. 
The barrelled profile of the ring encourages a "wedge" effect and the leading 
edge of the ring governs the thickness of the oil film formed between the ring 
and liner. The ring effectively draws oil into the area as the piston moves up the 
liner. 
As the piston moves towards the TDC position the oil film decreases in thickness 
as high pressures are created due to combustion and compression. These lead 
to elastohydrodynamic lubrication (or mixed lubrication). 
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During elastohydrodynamic lubrication at TDC the piston rings move outward 
towards the liner due to increasing gas pressure in the ring groove. This is 
shown in Figure 14 (28) overleaf. As the ring moves towards the liner it 
squeezes the oil film, making it thinner. This is referred to as the "squeeze" 
effect. The oil film reduces in thickness causing the pressure in the film to rise 
substantially, in order to oppose the pressure the ring exerts. The oil pressure 
transfers to the ring and liner. These oppose the oil film force created and under 
this condition the ring and liner materials can locally, elastically, deform - giving 
the name of elastohydrodynamic lubrication. 
Despite local deformation there will be no material (or asperity) contact between 
the components. However, the friction in the area will increase (28). 
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At TDC and BDC as the direction of the piston changes (the reversal point) the 
speed of the ring declines to zero. The oil film thickness will be at its lowest at 
this time and little protection will be offered to the components. Generally it is 
believed (28) that elastohydrodynamic lubricating regimes remain in place. 
However, dependent on design or operating regime, it is possible for Boundary 
(or Extreme Pressure) lubrication to occur. 
it is likely there may be a combination of elastohydrodynamic or boundary 
lubrication, known as mixed lubrication. Generally though, boundary lubrication 
is most common in the valve train of the engine, e.g. at the cam and roller 
follower interface. 
Under boundary lubrication regimes the oil film reduces below the minimum 
required to prevent metal contact of asperities. In extreme cases, the oil is 
wholly absent from the area. In this regime friction will be highest and wear 
greatest. ·Also, the oil film will be most susceptible to the effects of solid or liquid 
impurities in the oil such as soot. 
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Taylor (20) effectively summarised the three lubrication phases found in the 
engine as illustrated in Figure 15. This illustrates typical film thickness, 
lubrication regimes and areas where they occur. 
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Figure 15: Variation of Coefficient of Friction with Oil Film Thickness (20) 
1.4.2 The Effect of EGR and In-cylinder Soot 
Within the EGR literature it has been postulated that the use of EGR affects the 
oil condition as detailed in Section 1.3. In addition, it has been suggested EGR 
has further in-cylinder effects on the oil and lubricating regimes described above. 
These local affects are predominantly influenced by the presence of soot. Three 
possible mechanisms of wear with soot in the cylinder have been proposed. 
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I! has been suggested that soot can absorb the antiwear additives of the oil, 
inhibiting their ability to form a protective layer on the component surface 
(18, 19). A second proposed mechanism is that soot has an abrasive quality 
which is able to remove the antiwear layer which forms (13, 16). 
Under high pressure conditions in the oil film, soot is believed to be sufficiently 
hard to act abrasively on metal surfaces (13,21 ). The potentially higher levels of 
soot generated with EGR will increase the severity of these mechanisms in the 
cylinder. 
In order to protect the components under the lubrication regimes in the cylinder, 
various oil additives are used to improve the protective ability of the oil. Two 
types of additives in the oil are used to minimise wear effects (9). These are 
known as "boundary" and "antiwear'' additives. 
Boundary additives form a thin "carpet" of molecules on the material surface 
(to a depth of a few nm). They provide marginal protection by preventing some 
material contact (20) under boundary lubrication. 
Antiwear additives are used when boundary additives are no longer effective. 
Automotive engine oils almost universally use zinc dialkyldithiophosphate 
(ZnDtp) as the antiwear additive. This reacts with the surface of the component 
through chemisorption, forming a protective layer. The layer is deeper (around 
1 On m) than a boundary additive. I! acts as a lubricant, giving far better 
resistance to metal contact (9). The film is the result of a reaction between zinc, 
phosphorous and sulphur; all constituents of the oil additive package. 
Several EGR studies have looked at the effect of EGR conditioned oils have on 
the antiwear additive layer - with all focusing on the ZnDtp additive (13, 18, 19). 
Each of these studies have formed links between the presence of soot and the 
failure of the antiwear layer to function effectively. 
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An investigation by Rounds into soot effects (18, 19) identified two mechanisms 
through which increased soot levels increase wear. Used engine oils were taken 
from a variety of light-duty diesel engines within General Motors (GM). Soot was 
centrifuged from each engine oil and, after a detailed cleaning process, added to 
a base oil in varying amounts. 
Four-ball wear tests (18, 19) revealed wear scar sizes increased with oil soot 
content. Soot contents in the range of 0.5 - 5% soot by mass were tested. The 
increasing wear trend stabilised at a constant wear scar size for 2% soot levels 
and above. This implied that a soot content above 2.0% would not lead to a 
significant additional increase in scar size. 
In addition to this test the ZnDtp antiwear package was added in increasing 
amounts to the differently sooted oils. it was found increasing soot levels 
required higher concentrations of ZnDtp in order to reduce the wear scar to an 
arbitrary value. it was concluded soot preferentially absorbed the ZnDtp 
antiwear additive. This absorption effect inhibited the formation of the antiwear 
layer. The absorption effect was further substantiated by the presence of the 
ZnDtp additive elements (Ca, Zn, P and S) in carbon subsequently extracted 
from the used oils. it was believed the absorption effect occurred locally rather 
than in the sump. 
In a further study, which focused on valve train wear with EGR, Nagai et al (13) 
proposed some absorption of ZnDtp does occur, but this is not the primary 
cause of the breakdown of the antiwear layer. lnsolubles were centrifuged from 
used EGR derived oil. it was found the remaining oil had a lower additive level 
once soot was removed. The study went on to test a 5% soot content oil under 
a 4-ball test. lt was observed that the antiwear layer formed on the surface but 
was stripped by the presence of soot particles. Abrasive wear of metal to metal 
contact then occurred. This implied that although soot is absorbent it does not 
prevent the antiwear layer forming, its hardness is capable of breaking down the 
antiwear surface. This contrasts with the Rounds' theory discussed previously 
(18,19). 
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1.4.3 The Effect of EGR and In-cylinder Corrosion 
In addition to bulk oil and in-cylinder soot, EGR is believed to enhance corrosive 
wear (25,26). These studies proposed that observed increases in wear with 
EGR were due to local in-cylinder oil being unable to sufficiently neutralise the 
acid content of the recirculated exhaust gas. lt was claimed that the acids in 
EGR gas are locally absorbed into the oil film. This lead to higher corrosion and 
abrasion wear levels (29). The acids were then neutralised on reaching the 
sump due to oil volume. 
Corrosion acid properties of the exhaust gas are predominantly due to the 
sulphur content of diesel forming oxides of sulphur during combustion, primarily 
creating S02• The combined effects of high cylinder pressure, temperature and 
oxygen levels allow a further conversion to SO,. This combines with water 
vapour to form sulphuric acid. Crucially, this condenses at a higher temperature 
than water and the condensate typically forms around the ring and liner 
interface. 
In the presence of acidic gas, the effectiveness of corrosion will increase at 
lower component temperatures, closer to the acid dew points (26). The dew 
point of sulphuric acid (H2SO,) under varying temperature and pressure 
conditions, and at differing fuel sulphur levels, has been reported for EGR cooler 
corrosion by McKinley (27). 
Corrosion within marine diesel engines, using distillate fuels, has similarities to 
EGR corrosion of in-cylinder components. High fuel sulphur levels (of 1 to 5%) 
were shown to increase wear as discussed in Section 1.3.1. The effect of the 
corrosion observed is enhanced by low cylinder wall/ring temperatures and 
increased combustion pressures. These allow condensates of acid to form. 
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1.4.4 Abrasive Wear 
The presence of in-cylinder corrosion can also increase abrasive wear (28). 
Corrosion attacks the pearlitic structure of cast iron liners, corroding soft ferrite 
layers within the structure and leaving peaks of harder m:~terial exposed. The 
harder peaks are then worn away by the action of the ring sliding over the peaks 
and this tears the peaks from the surface. 
Abrasion will occur when the hard liner particles subsequently enter the . 
lubricating film between the two components. The peaks removed due to 
corrosion are as hard as the ring and liner and will act as an abrasive 
themselves. it is believed that soot is hard enough to be abrasive also. The 
piston ring and the liner surfaces are potentially most affected by abrasion as the 
debris and soot particles must pass the ring/liner interface, via the oil film, to 
reach the sump. If the oil film at the ring/liner interface is marginal at any point; it 
is possible soot induced wear may occur. 
it has been shown by Neale (28) that wear rates are almost linearly related to 
the concentration of the abrasive present. The wear debris resulting from 
abrasive wear are hard and small (about 0.5-6jlm in size) and increase the 
abrasive wear mechanism. There is evidence to suggest particles of 20 jlm size 
cause highest levels of wear whilst those of ::;;1 jlm and less are harmless -
remaining absorbed and dispersed in the oil film (28). Therefore, it is unlikely 
that soot directly increases wear by direct abrasion as the primary particle size is 
small ( -50nm). Additionally, Figure 15 (20) shows that the ring/liner/oil film 
thickness ratio value will remain thicker than 1 jlm if boundary lubrication is 
avoided. 
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1.4.5 Corrosion, Abrasion and Fuel effects in production diesel engines 
Production marine diesel engines running on high sulphur fuel illustrate the 
corrosion and abrasion mechanism. Several studies have investigated a wide 
range of fuel sulphur content and its effects on wear under various conditions of 
cylinder pressure and coolant and liner surface temperatures (22,23,24). 
A study has confirmed many of the above theories (23). This investigation used 
a Bolnes engine and found sulphur content correlated well with increasing wear 
of rings and liners. Figure 16 (23) shows the total wear achieved within a 24 
hour analysis period. lt can be seen both liner and top piston ring wear rates 
increase with higher sulphur levels in the fuel. The same fuels were tested in a 
Caterpillar engine. Again, wear of the liner and rings increased rapidly with 
higher fuel sulphur content as illustrated in Figure 17 (23). 
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Similar correlations of liner wear with increasing fuel sulphur levels have been 
reported by DeBruijn and Brandt (24) with the same order of wear increase. 
Three fuel sulphur levels of 1, 3 and 4 % by weight were tested and the results 
of this are shown in Figure 18 (24). 
In a higher speed diesel engine study by Balnaves et al (30), a two stroke Detroit 
Diesel 6V-53T was used. Fuel sulphur levels of 0.4 and 1.5 % by weight were 
assessed. The results confirm the trends exhibited with slower, larger diesel 
engines on higher sulphur fuels. 
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An investigation with high sulphur fuel (31) assessed the impact on wear of the 
liner temperature and peak cylinder pressures. The study used a maririe engine 
(Sulzer R2, experimental four cylinder, two stroke engine) operating on a 4% wt 
sulphur fuel. Several tests were run at a consistent peak cylinder pressure of 
145 bar whilst cylinder wall temperatures were varied between 180, 200 and 
230°C. In an additional experiment, liner temperature was maintained constant 
at 230°C whilst peak pressure was adjusted around the standard 145 bar to 130 
and 160 bar. it was found that the temperature of the cylinder wall affected the 
level of wear occurring, reducing with higher temperatures. This trend with 
pressure was also found in two further studies (32,33). 
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Figure 18: Engine Wear vs Fuel Sulphur Content (24) 
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1.4.6 The Effect of Corrosion with EGR 
Investigations with EGR have been performed using various fuel sulphur levels, 
liner temperatures (or coolant temperature) and levels of EGR. However, little 
work with cooled EGR has been performed. This may be expected to have a 
greater effect on the level of condensed phase acidic products formed in the 
recirculated exhaust gas. 
A study varying liner temperature conditions has been reported by Akiyama et al . 
(26). Low water temperatures were used to create high wear conditions (40, 50 
and 60°C) in conjunction with uncontrolled oil temperatures, (approximately 15°C 
higher than the coolant temperature). The study implied the engine had low liner 
temperatures in the engine and oil temperatures below normal working 
temperatures, although this was not explicitly stated. In addition the study used 
a high fuel sulphur level of 0.45% by mass. The study was based around light 
load EGR (20% EGR at 50% load) on a 2.5 litre four cylinder engine. 
Substantial increases in wear of the piston ring and cylinder liner were seen with 
EGR, at all temperatures. This is illustrated in tests 2, 3 and 4 in Figure 19 (26). 
Furthermore a repeat test with low sulphur fuel and EGR, test 6, (of 0.0001% by 
weight) reduced wear to the level seen in the same engine without EGR using 
0.45% sulphur fuel. This is illustrated in Figure 19 (26). The study concluded 
the recirculation of sulphuric acid with EGR played a major role in the increased 
wear measured. 
Further studies (25,29) have investigated the effect of adding varying levels of 
sulphur oxide to the inlet air of an engine. This separated the sulphur present in 
EGR from other constituent gases (i.e. Na, and water) which may also add to 
wear. it also delineated wear increases from other EG R effects such as solid 
carbon. 
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In the first of these (25), Nagaki added oxides of sulphur to induction air. The 
aim of the test was to obtain measurable wear effects within a short test period 
of 100 hours. The engine was a single cylinder, 4 stroke, Dl diesel engine, of 
0.4 litre capacity, running at 1800 rpm, full load. The sulphur levels added to the 
inlet air corresponded to 1.4 and 7.2 % mass sulphur level in the fuel. 
The resulting wear levels of the three piston rings are shown in Figure 20 (25) 
and show significant increases with sulphur. Wear levels of three and four times 
those of the baseline wear were seen with 1.4 and 7.2 % weight fuel sulphur 
levels, respectively. The study concluded the wear was caused primarily by a 
corrosion and abrasion mechanism. 
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Further, similar evidence (14,34) show wear concentrating around the 
hydrodynamic lubrication points of TDC and to a lesser extent BDC with EGR. 
In addition, a study by Murakami et al (35) to assess the acidic properties of 
blowby condensate with EGR has been made. This demonstrated an acidic 
regime in the ring area of the piston, which was largely neutralised on reaching 
the bulk oil in the sump. This suggested that bulk oil properties of the engine 
remained unaffected with EGR, whilst local component oil films were overcome 
by an acidic condensate increasing local wear rate .. Once again local acidic 
affects were postulated, as opposed to global oil effects due to acidic gas 
content. 
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1.5 LITERATURE SURVEY CONCLUSIONS 
1.5.1 Conclusions 
The literature survey has highlighted several potential causes of wear when 
EGR is applied to diesel engines. These fall into two broad categories as 
"effects of EGR on oil condition" and "effects of the presence of EGR within the 
cylinder''. Having reviewed the literature there is a need to assess it in the 
context of medium duty diesel engines. 
The majority of EGR engine studies reported in the literature focused on light-
duty engine studies using indirect injection (IDI) combustion systems. There are 
two important differences between these and heavier duty direct injection (DI) 
engines. Firstly the level of soot reaching the oil in IDI engines is traditionally 
higher than that of Dl engines. Secondly, in light-duty applications, high levels of 
EGR are used but only at low load conditions where soot production is relatively 
well controlled. Together these differences make it necessary to understand 
whether Dl medium duty engines with EGR would lead to more or less severe 
soot related issues. 
Apart from soot effects of different combustion systems, the literature gave 
contrasting and inconclusive evidence of the importance of corrosion and 
abrasion as wear mechanisms increased with EGR. The effect of EGR on oil 
was unclear, as TBN was either reduced or unaffected, depending on the 
specific study. In-cylinder effects of exhaust gas acid was suggested as a major 
wear factor but were not clearly demonstrated at full load conditions or for 
current automotive fuels compared to higher sulphur fuels used off-highway. 
The studies had quantified corrosive wear only when high sulphur levels were 
used. 
From this position it was clear that a broad, matrix based experiment was 
required which tested the proposed wear theories on a medium-duty Dl engine 
at full load conditions. 
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Such an investigation had to assess the effect of the main in-cylinder effects of 
EGR on wear and the factors influencing the severity of the wear.. it was 
concluded that the body of work devised to achieve this would require EGR 
conditioned oil and high and low sulphur fuels. Due to the number of 
parameters involved it was decided that an initial scree;ning experiment was 
necessary to identify the primary causes of wear with EGR prior to more detailed 
studies. 
1.5.2 Opportunities for Investigation 
To assess the effect EGR will have on medium duty diesel engines there is a 
lack of pertinent information within the literature available. 
Specifically, s~weral important areas influencing engine wear are not covered: 
1) Medium duty diesel wear 
2) High and full load use of EGR 
3) Effects of cooled EGR 
4) Effects of low Vs high sulphur fuels 
5) Interactions of EGR and existing wear mechanisms 
6) Effect of oil age 
1.5.3 Present experimental approach: oil conditioning 
Based on the information absent from the literature an experimental approach 
was created to first assess the effect of EGR on oil condition and then assess 
the effect of a variety of parameters on engine wear. 
In order to assess the effect of EGR on the rate and severity of oil conditioning it 
was considered necessary to run engines over long periods of cycling tests. 
This would illustrate the level of deterioration with EGR for the medium duty 
engine. Substitutes such as carbon black were not used as they were 
considered to be unrepresentative of real soot conditions. 
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In order to compare engine condition, with and without EGR, two engines were 
to be tested in parallel. One of a standard specification and a second, identical, 
engine but fitted with EGR. The two engines, tested over the same test cycle, 
would allow a baseline oil condition to be determined for the standard engine 
and an equivalent EGR condition to be observed. The oil generated was then to 
be used to assess its impact in subsequent wear tests. In addition, early running 
experience with EGR would highlight any fundamental concerns for engine 
durability ahead of a more refined experiment. 
1.5.4 Present experimental approach: EGR wear investigation 
The ring and liner wear levels of the engine needed to be investigated for six 
parameters in a matrix experiment structure. This would screen the various 
potential wear mechanisms for their severity and importance to EGR induced 
wear. The objective was to assess wear trends leading to primary and 
secondary wear effects being identified. 
In summary, this approach to the experiment covered the following order of 
tests: 
1) Assess the effect of EGR on oil condition over 2000 cycle test hours by 
comparing oils with standard and EGR combustion systems 
2) Assess the effects on piston ring and liner wear of: 
a) fuel sulphur level 
b) engine temperature 
c) oil condition- the oil from (1) to be used 
d) EGR level 
e) engine load (bmep) 
f) cooled and uncooled EGR systems 
The first phase of work was completed in 1997. The second phase was 
conducted between July and November of 1998 
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CHAPTER 2 
OIL CONDITIONING EXPERIMENT 
2.1 OIL CONDITIONING EXPERIMENT 
The decision to create conditioned oils in sufficient volumes to use during the . 
wear investigation required two engines to be run for 2000 hours each, under 
cycled conditions. A standard Parkins Engines Product Engineering durability · 
cycle was selected. This allowed comparison of the engine condition to be 
made to previous engine development experience within the company. The 
cycle had a high load factor of 70% (load factor = cycle fuelling/full load rated 
speed fuelling) and was designed to promote high levels of wear. Details of the 
test cycle are given in Appendix A. 
The lowest emissions specification engine in production within Parkins Engines 
at the time of these tests was selected for the oil conditioning. This was due to 
the desire for low NOx emissions with EGR, low particulates and low oil 
consumption. The base engine for the oil conditioning phase is detailed in Table 
1. 
The two base engines for this study were sourced directly from production. As 
this was an oil conditioning exercise, rather than a full wear assessment, the 
engines were not stripped and measured for component dimensions at this 
stage of the programme. This was due to the need to minimise the time and 
cost of the conditioning. 
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Engine Detail Base Engine Specification 
Engine 1ype Parkins Phaser T 4.40 Federal 1994 
Capacity 4 litres; 1 litre/cylinder 
Power 82 kW at 2600 rpm; 20.5kW/I 
Peak Torque 400 Nm (1256kpa bmep) at 1600 rpm 
Fuel Injection Pump Bosch in line MW: 11 00 bar at pump 
Injector Nozzles 6 holes @ 0.23 mm in diammeter 
CR 17.5:1 
Piston Bowl 50 a re-entrant 
Turbocharger Garret! T-25 
Charge Cooling Air to air 
Liner Material Cast iron (bored and honed only) 
Ring Material Chromium rings 
Coolant and Oil Temperatures 92°C coolant, 115°C oil temperature 
Fuel Off-highway fuel (upto 0.2% Sulphur) 
Oil Type Esso ELO 4561 
EGR Strategy $;50% load: upto 28% EGR 
$;75% load: upto 16% EGR 
100% load: upto 5% EGR 
.. . . . Table 1: 011 Cond1t1omng Base Engme Spec1f1cat1on 
The engines were identical, except for the addition of an uncooled EGR system 
to the EGR engine. The EGR system took exhaust gas from the exhaust 
manifold before the turbine and fed it directly to the inlet manifold via an EGR 
metering valve. The inlet manifold EGR gas entry point was upstream of the 
inlet ports and downstream of the charge cooler. This configuration is often 
referred to as the "High Pressure EGR System" shown previously in Figure 4. 
The system used did not feature the EGR cooler or venturi as shown in figure 4. 
The presence of exhaust gas in the inlet manifold was monitored during the tests 
by measurement of the inlet manifold temperature after the EGR gas entry point. 
The EGR system was not a production item. Therefore, the EGR valve was 
designed to be as durable as possible in order to survive the 2000 hour test 
duration and was manually operated as no durable actuated valve designs were 
available. 
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Due to the manual valve operation the test cycle periods at each speed and load 
were lengthened, with the exception of the idle modes. Therefore, the cycle 
featured a predominantly hot engine test condition. 
The EGR system did not feature an EGR cooler at this time as the emissions 
benefits of this were being assessed within Perkins and no final decision on the 
use of EGR coolers had been made. Therefore, all of the oil conditioning 
running was conducted with uncooled EGR only. The effect of this on oil soot 
condition and level is considered to be small but will give the worst case soot . 
loading due to higher combustion soot levels. However, it was expected that 
cooled EGR would have a potentially worse impact on the acidity of the oil and 
on the TBN level of the oil, which combats oil acidity issues. Due to this, TBN oil 
conditioning results may not be fully representative of cooled EGR systems. 
Once the cycle and EGR system were specified the cycle speed and load set 
points were investigated for performance and EGR levels. The EGR engine was 
tested at each of the speed and load conditions of the test cycle with emissions, 
smoke and engine performance recorded for varying levels of EGR valve lift. 
The level of EGR at each mode of the durability cycle was selected to give 
emission levels close to Euro Ill. 
The same type of engine oil was used throughout the oil conditioning and EGR 
wear study, whether clean or conditioned. The oil selected was of a minimal 
quality with an SAE 15W/40 viscosity specification and a CD/SF API rating. it 
was chosen to give the worst case quality likely to be used in an engine of this 
type. The full oil specification is given in Appendix B. Oil levels on both engines 
were checked at the start of each new cycle. At this time the oil was topped up, 
as required, to return the oil level to maximum. 
The oil was conditioned for varying oil change periods as shown in Table 2, for 
both engines. The advised oil change period for the engine is 250 hours and 
longer periods are recognised to run the risk of ring sticking with this 
specification of ring pack. 
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Throughout the conditioning, oil samples were taken every 75 hours. In addition 
a sample was taken after one hour of running after an oil change. This allowed 
the contamination remaining in the engine from the previous running period to 
be assessed. A total of six sumps of conditioned oil were created for each 
engine. 
Oil Sump Number Oil Age (Cycle Hours) Engine Age (Cycle Hours) 
1 255 255 
2 300 555 
3 300 855 
4 300 1155 
5 425 1580 
6 425 2005 
Table 2: Oil Change Periods During Conditioning 
At 1155 hours and 2000 hours, a partial and full e ngine stripdown was 
may have occurred. conducted to visually assess any high levels of wear which 
The fuels used during the conditioning had sulphur specifi 
0.3% by weight. Unfortunately no sample could be tested 
test facility was available at the time. 
cation levels of 0.15 to 
for sulphur level as no 
uel parameters tested The results of the f 
are shown in Appendix B. 
The above tests produced specially EGR conditioned oil f 
programme. 
or the subsequent test 
ngines over extended it also gave experience with running EGR e 
periods. 
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CHAPTER 3 
EGR WEAR INVESTIGATION 
3.1 THIN LAYER ACTIVATION (TLA) TEST TECHNIQUE 
The study reported in this thesis required a technique which was able to identify . 
the effects of several interacting conditions on the engine wear rate. Several 
measurement methods were considered. 
Traditionally wear assessment for engine components is by measurement of 
component dimensions or by measurement of a component mass. In both 
cases the components are measured, assembled in a test engine, tested for 
several hundred hours at the condition of interest and then removed from the 
engine and re-measured. The accuracy of the procedure is a function of the 
accuracy of the measurement itself, the amount of wear which has occurred and 
the length of the test. In order to create a substantial amount of wear the test 
runs are typically 500-1000 hours in duration. Therefore, it is not possible to run 
many short wear tests, quickly. When comparing different test conditions the 
engine must be rebuilt for each condition and run again. Assembly differences 
in wear rate can be up to a factor of 2 - 3 meaning only substantial increases in 
wear can be clearly assessed and identified with confidence. In addition, mass 
measurement of liners has proved difficult in the past. 
Other techniques such as measuring piston ring or cylinder liner debris in the oil 
are unreliable due to oil consumption and top up effects and due to many 
components using the same wearing material (e.g. cast iron, copper etc). 
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For the number of parameters of interest in this study, it was considered that 
these test methods would be too long, inaccurate, expensive to conduct and 
potentially unable to discriminate differences in wear attributed to coolant 
temperature, EGR level, engine load and fuel sulphur level. 
Thin Layer Activation (TLA) was therefore identified as a potentially attractive 
method for assessing the parameter changes and their effects on wear (36,37). 
The method has been used within the industry and has been reported in the 
technical literature. Its main benefits are to allow quick and relatively short . 
running periods (of the order of 10 hours) to establish a rate of wear for a 
component under specific conditions. 
After establishing a wear rate, it is possible to change engine running condition 
and establish the new component wear rate. The change in engine operating 
condition can be made whilst the engine is running or after a shutdown period, 
as required. 
Using TLA eliminates the need to remove components to assess wear levels of 
different conditions and therefore eliminates build variation from wear analysis. 
The technique is suited to DOE (Design of Experiment) or matrix style 
experiments. These commonly incorporate repeated baseline checks, adding 
value to the experiment. 
When using TLA, a component is treated so that it becomes radioactive, emitting 
gamma rays. This is achieved by bombarding the component with neutrons 
within a reactor, giving an unstable material nucleus emitting gamma radiation. 
The irradiation process does not alter the material properties of the component 
and is unobtrusive to the wear mechanisms under test. 
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There are three forms of radiological treatment available in engine testing: 
1. Bulk component irradiation 
2. Spot irradiation on a component surface 
3. Thin/Surface layer activation 
Bulk irradiation makes the entire component radioactive (36). This leads to high 
levels of radioactivity which is undesirable for use within the test laboratory. This 
technique was commonly used in the 1970's and 1980's but progress in , 
instrument sensitivity and its ability to accurately measure lower levels of 
radioactivity led to a decline in the use of this technique. This technique is now 
rarely used. 
Spot irradiation allows analysis of wear on one area of the component to be 
undertaken (37) and allows experiments such as ring rotation to be performed. 
it is less useful for wear rate analysis, as one spot of wear may not accurately 
represent the wear characteristic of the whole component. For example, a ring 
has a barrelled profile and may wear unevenly across its surface so the location 
of the spot would be crucial to the result. 
Thin Layer Activation (TLA) is more versatile than either of the above as it allows 
a precise area to be irradiated (via masking techniques) such as a 
circumferential band around a ring, over a specific face area. The material 
quantity irradiated can be controlled to a known depth (giving a radioactive 
layer). The layer depth is specified to provide sufficient radioactive wear depth 
for the number of tests required, without the whole component being treated. it 
is therefore safer and simpler to use within the engine testing environment. 
With TLA, it is possible to treat more than one component type in a single engine 
test. Therefore, component pairs can be assessed for interactions. 
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As well as the various component treatments available there are three methods 
of measuring the wear of the components. The choice of measurement method 
has implications for the accuracy and repeatability of the technique. The choice 
will influence the location of the components which can be tested within the 
engine. The methods are: 
1. On-line component radiation measurement 
2. On-line fluid debris measurement 
3. Off-line fluid debris measurement 
3.1.1 On-line component measurement 
This requires a detector to be placed at an engine location close to the test 
component (for example the cylinder liner). The component radiation signal is 
measured before and after the test. The difference in signal is due to the 
material which has been worn away and can be related back to a geometry of 
material removed. 
The factors governing the accuracy of on-line detection are the instrument 
accuracy, the repeatability of the detector positioning relative to the irradiated 
area of the component and the strength of component radiation versus the level 
worn away. 
This measurement technique is often employed for assessing component 
movement. For example, in assessing ring rotation. In wear assessment its 
accuracy is around +1- 1% of the total depth irradiated. This limits the number of 
tests which can be performed and the ability to detect small levels of wear for a 
particular condition. Therefore, this technique is not ideal for wear tests of the 
ring and liner and therefore was not used here. 
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3.1 .2 Fluid debris - on-line measurement 
This method requires a modified oil circuit to be created - with detectors 
positioned beneath the oil filter (if fitted) and an oil reservoir (> 20% of the 
engine's total oil volume)." Care needs to be taken to maintain the engine oil 
pressure, so any reduction does not effect the component wear test. 
This method assesses the debris being added to the oil during a particular test 
period. it requires high accuracy and resolution to assess small changes in 
radiation level. In order to deduce the depth of wear occurring fluid debris relies 
on two assumptions: (i) that the component wear is evenly distributed across 
the component surface and (ii) that the amount of debris reaching the oil is a 
constant proportion of the total debris generated. This assumes a small 
proportion of debris will be lost in the exhaust gas or blowby/breather gases and 
a further amount will settle as deposits around the engine. These assumptions 
will be small effects, however. The wear surface of a component is expected to 
be consistent as changes in the wear rate occur, so as a comparitor of wear rate 
this assumption is valid. 
At the start of a test, a base level of radiation in the oil is measured. By 
sampling total gamma radiation counts within the test period a wear rate trend of 
new wear can be created, giving the wear rate occurring during the test. 
The detection instrumentation has fixed accuracy and resolution. Measurement 
errors due to instrumentation accuracy will reduce as the length of the test is 
increased as the total signal to noise ratio reduces. With this technique there is 
therefore a trade-off between the length of the test and its accuracy. 
Generally accuracy is of the order of 1 On m and although accuracy can be 
increased through longer test runs, there will be a trade-off with the number of 
tests possible for a given layer depth. 
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3.1.3 Off-line fluid debris 
Using this technique the component debris falls into the oil (as above) and is 
measured as debris content in an oil sample volume. The difference between 
debris at the start and end of the test period is the wear !;jenerated in that time. 
This is related back to the geometry of the component to give a wear depth 
value, based on the same assumption used in on-line monitoring. 
The advantage of off-line measurement is its accuracy - measuring within 1 nm . 
as off-line detectors have higher accuracy. Additionally, due to its accurate 
discrimination between isotopes, it is possible to test more materials in one 
engine build. Its main disadvantage is that it is intrusive, requiring an oil sample 
(250ml, or 2% of total oil volume for these tests). Its second disadvantage is that 
the oil sample taken is assumed to representative of the whole oiL Therefore, 
care is need in sampling. A third disadvantage is that this technique will not 
allow on-line wear trends to be seen, for instance uneven wear or inconsistent 
wear. Debris collected within the oil filter will not be assessed. The filter cannot 
be assumed to have a constant effect, as debris is often "flushed" from the filter 
and the filter efficiency will change with time and filter age. Therefore, it is 
common to run without an oil filter fitted to the engine with this technique. 
3.1.4 TLA- Two Component Test Set-up 
On the basis of the above arguments, it was clear that the TLA technique had 
important advantages over the alternatives and it was therefore selected for the 
EGR test programme. TLA allowed accurate location of the surface area to be 
analysed and good control over the depth of material irradiated. This governed 
the number of tests which could be undertaken. 
TLA was used in combination with fluid-debris monitoring and it was possible to 
irradiate the top piston ring and cylinder liner with unique isotopes for each 
component - Cobalt 57 for the piston ring and Cobalt 56 for the cylinder liner. 
They were both installed in cylinder number one of the test engine. 
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This allowed interactions between the two components to be directly observed. 
lt also guaranteed both components were experiencing the same operating 
conditions. 
The top ring was irradiated to a depth of 301lm around its circumference on the 
ring face. The liner was irradiated to a depth of 301lm in a 10mm high 
circumferential band around the Top Ring Reversal (TRR) point. This allowed 
the band to cover 1 mm above the ring and 4mm below the ring when at TRR. 
A modified external oil circuit was created for detection purposes. The test set-
up is shown in Figure 21. lt shows the oil circuit set-up and detector positions. 
Two detectors were employed - one for the oil filter and one for a thin walled oil 
sampling chamber holding 20% of the total engine oil. Through the use of a 
reduced sump capacity on the engine, the total oil system volume was kept the 
same as a standard engine. 
Treated area 
On-line 
monitoring 
Oil samplin_g 
chamber 
Figure 21: TLA Circuit 
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When irradiated, each component's radioactivity was controlled to a known 
depth and an "activity to depth" curve was created. These are shown in 
Appendix C. The activity reduced linearly in the first 15Jlm - known as the "half-
depth" of the layer. 
To assess wear the detectors were set up to measure counts of gamma 
radiation present in the oil. The isotopes used in each component emit gamma 
rays, but of different energy levels. During the instrumentation set-up, a known 
calibration source was placed on top of the detectors and the software of the 
logging computer set to record the correct level of radiation, based on the known 
sample. Due to each isotopes' energy level, the different isotopes could be 
distinguished by the detector. 
At the start of a test run the software records the initial counts recorded in a six 
minute sampling period. This formed the baseline radiation level. As wear 
occurred, the count reading increased due to the debris reaching the oil. 
The software converted counts of radiation into a wear depth based on several 
factors. 
The known depth and strength of the radiation of the component layer were 
used to relate the radiation level detected to a wear depth, based also upon the 
geometry of the component. Essentially the level of radiation detected was 
equivalent to a volume of material layer. The signal detected was adjusted to 
account for the half-life of the material isotope. The half-life calculation is of the 
classic exponential form: 
Eq (1) 
where N = radiation at any time, 
= original radiation at a set test date 
e = natural constant 
/.. = decay constant for the isotope 
t = time since measurement of N, 
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Although the activity extended to a 30J.tm depth, it was only linear and well 
controlled in strength to the depth 15J.tm. Tests were not conducted beyond the 
15J.tm depth as they were considered unreliable by the supplier. 
The relation of gamma ray counts to wear depth based on the geometry of the 
component relies on two primary assumptions: (a) the surface layer is worn 
uniformly and (b) all debris reaching the oil is a constant proportion of the total 
component wear. Neither is strictly true. However, for comparative wear 
measurements it is unlikely a component will fundamentally change its wear 
pattern once "bedded-in" and the level of debris not reaching the oil is likely to 
remain as a constant and small proportion of the total wear debris. it should be 
noted that for absolute wear measurements these assumptions have more 
significant limitations. 
The use of two detectors allowed oil debris and filter debris collection to be 
measured. To give a single wear level, the signals from both were combined as 
below: 
Total Wear = Filter Debris (nm) + (Oil Debris/0.2) 
This allows the oil debris measured (20% of the oil volume) to be scaled up to 
represent 100% of the oil debris level for the total engine oil volume. This has a 
small error as the oil filter also contains a small amount of oil which has been 
measured by the filter detector. The level of oil in the filter is estimated to be 0.5 
litre and the scale of this error is estimated below. 
The oil distribution around the engine was as follows: 
Filter = 0.5 litres 
Oil sampling chamber = 2.2 litres 
External oil pipework = 1.1 litres 
Reduced sump capacity = 7.71itres 
Total oil capacity = 11.5 litres 
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Therefore, the measurement of the filter oil, effectively twice, may lead to an 
overestimation in wear of up to 4.3%. Unfortunately it was not possible to 
merely deduct this wear from the filter reading as the radiation measured by the 
detectors is partially dependent on the geometry of the oil/filter vessels. The 
radiation measured by the detectors will decline exponentially with distance from 
the detector. This means there is a small difference in the measurements taken 
for oil and filter debris separately. This error is of the order of a few percent, but 
cannot be accurately derived within each particular test. 
These inaccuracies, although small, are of importance when low wear conditions 
are being measured or when absolute wear levels are desired. Also, when 
comparing two different experiments these inaccuracies may be of greater 
significance. 
However, a single comparative test, such as this experiment, they are of less 
importance. Generally the technique gives wear rates within 1 0 - 20% absolute 
accuracy. 
Schneider et al(37), compared the uncertainty of TLA measurement and 
traditional measurement (by micrometer) for piston ring wear depth and 
concluded the TLA technique was accurate to +/-10% for the TLA measurement 
and +1- 50% for the traditional physical measurement - which required a far 
longer running period to approach the quoted accuracy. 
3.2 EGR TLA TEST PROGRAMME 
The base engine tested in the TLA Section of this study was a production Euro 11 
engine. Its specification is shown in Table 3. The engine was fitted with a high 
pressure EGR system similar to the oil conditioning engine, but fitted with an 
engine coolant supplied EGR cooler. This was located between the exhaust 
manifold and EGR valve. The cooler was removed and replaced by an 
equivalent length of pipe for the uncooled investigation. 
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Engine Detail Euro 11 Engine Specification 
Engine Type Perkins Euro 11 Phaser 135Ti 
Capacity 4 litres; 1 litre/cylinder 
Power 1 01 kW at 2500 rpm; 25.25 kW/1 
Peak Torque 465 Nm (1460kpa bmep) at 1400rpm 
Fuel Injection Pump Bosch EPVE rotary pump 
Injector Nozzles 5 Holes @ 0.27mm diameter 
CR 17.25:1 
Piston Bowl 80° re-entrant bowl 
Turbocharger Garrett 
Charge Cooling Air to air 
Liner Material Cast iron (bored and honed only) 
Ring Material Iron with molybdenum insert 
Coolant and Oil Temperatures 92°C coolant, 115°C oil temperature 
60°C coolant, 1 00°C oil temperature 
Fuel European (0.035%8) 
High sulphur (1.33%8) 
Oil Esso ELO 4561 
.. Table 3: TLA Base Engme SpecJfJcatJon 
lt is important to note that the combustion system of this engine was unchanged 
from the standard Euro 11 specification. lt was therefore not rematched for the 
use of EGR in this study. Therefore, whilst NOx is reduced considerably with the 
use of EGR, the particulate levels will be higher than those expected in 2002 -
2008 specification engines. 
EGR levels were assessed by measuring the NOx in the inlet and exhaust 
manifold. The ratio of inlet NOx:exhaust NOx, multiplied by 100, gives the 
percentage of the engine exhaust mass being recirculated to the inlet. The 
formula is contained .within Appendix E. 
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Once the oil conditioning phase of the program was completed, the TLA 
experiment was set up as detailed previously in Section 3.1.4. 
The objectives of the TLA EGR test programme were as follows: 
1) Run-in the engine to a stable wear condition, assessing wear with TLA 
2) Investigate the effects on component wear rate of: 
a) EGR rates (including zero) 
b) Fuel sulphur levels 
c) Engine coolant and oil temperatures 
d) Two different oil conditions 
e) Speed and load variations 
f) Cooled and uncooled EGR 
The TLA test programme compared aged and clean oil wear rates under the 
matrix of EGR, coolant temperatures and fuel sulphur conditions as shown in 
Table 4. Baseline tests were regularly repeated to monitor any oil ageing during 
the tests. The load investigation and uncooled EGR assessment are shown in 
Table 5. 
Baseline Speed Load EGR Fuel Coolant 
(rpm) (%) (%) (% S) (oC) 
Yes 2400 100 0 0.035 92 
- 2400 100 0,10,15 0.035 92 
Yes 2400 100 0 0.035 92 
- 2400 100 0,10,15 0.035 60 
Yes 2400 100 0 0.035 92 
- 2400 100 0,10,15 1.33 92 
Yes 2400 100 0 0.035 92 
- 2400 100 0,10,15 1.33 60 
Yes 2400 100 0 0.035 92 
. Table 4: Aged Orl and Clean Or I Test Matrix 
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Baseline Speed Load EGR EGRType 
(rpm) (%) (%) 
Yes 2400 100 0 Cooled 
- 2400 25 0,25 Cooled 
- 2400 50 0,25 Cooled 
- 2400 75 0,25 Cooled 
Yes 2400 100 0 Cooled 
- 2400 100 0,5, 10,15 Uncooled 
Yes 2400 100 0 Cooled 
Table 5: Load and Uncooled EGR Test Matnx 
Testing intervals were between 6 and 12 hours depending on the wear levels 
seen. Run times were increased as the radiation half-life progressively reduced 
the signal detected during the test programme. Higher wear conditions were 
able to be run for the shorter test periods. 
The high sulphur fuel used in this experiment exceeded the worst case fuel 
sulphur level these engines are subjected to. For comparison, Pakistan has 
sulphur levels of 0.85% (38). The 1.33% level of sulphur was used in order to 
test a distinct sulphur content change from the 0.035% baseline fuel 
specification without resorting to artificial sulphur additions to base fuels. This 
was considered to have further complications, such as maintaining 
representative fuel lubricity, maintaining consistent fuel doping with sulphur and 
assessing the unknown effect artificial additions of sulphur may have on SO, 
formation. In addition, the specification was compromised by what could be 
removed during the refining process. The fuel specifications are detailed in 
Appendix B. 
The oil used in the oil conditioning and TLA study was identical and is detailed in 
Appendix B. The aged oil used in the TLA tests was a mix of sumps 4 and 5 of 
the EGR oil conditioning engine. 
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Prior to the TLA tests the aged and clean oils used were sampled for quality, 
one hour of running after they had been added to the engine. These results are 
shown in Table 6 in comparison to a typical aged oil value at the end of an oil 
change period. 
Oil Type: Typical Aged Actual Aged Actual Clean 
. 
Kinematic Viscosity (mm2/s) 220 188 108 
TAN (mg KOH/g) N/A 5.9 5.6 
Oxidation 1.0 0.97 0.09 
TBN (mg KOH/g) 6.0 13.7 10.4 
Soot(%) 2.0 3.2 0.6 
Iron (ppm) 120+ 236 20 
.. Table 6: Aged and Clean 011 Condition 
Before comparative engine wear tests with TLA could begin, the engine had to 
be run-in to a constant wear condition. lt is generally believed that the piston 
ring will take longer to run in than the cylinder liner. In addition, the author's 
company's experience suggests a run-in time of 50-1 00 hours is typical, 
dependent on the materials used. The ring is expected to show a higher wear 
rate than the liner. Figure 22 shows the wear rate of the piston ring and liner 
during run-in. 
lt can be seen that the piston ring wear level is higher than the liner and that it 
takes longer to bed in (i.e. reach a stable wear rate) from a higher initial wear 
rate. This gives confidence in the trend abilities of TLA and provides agreement 
with previous experience based on oil consumption and cylinder blow-by 
measurements. 
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Figure 22: Engine Wear During Run-in 
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Once the engine had reached a stable wear rate, another test run was 
conducted to assess the variation in the technique's measurement repeatability. 
This was performed at the lowest wear level expected in the high load 
investigation i.e. the base engine fullloa.d rated speed condition without EGR. 
The TLA measurement error was expected to be a constant as it is merely the 
system's ability to detect activity. The highest signal-to-noise ratio was at low 
wear levels. The signal-to-noise level can potentially be improved by running for 
longer periods. The ring and liner accuracy was found to be +1- 1.1 nm/hr for 
the ring and +1- 1.0 nm/hr for the liner .. 
Having completed the run-in a baseline wear rate for the engine was recorded. 
In the matrix tests this baseline condition was regularly repeated and compared 
to the base engines original value. The baseline was repeated every 3 to 4 runs 
depending on the matrix. All wear increases observed were related to the wear 
rate of the immediately preceding baseline. 
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As the tests progressed an increasing baseline wear rate was observed. In 
order to compare results from various parts of the matrix tests each baseline 
was therefore normalised to the original baseline wear rate of the engine. 
Therefore, for a "Baseline, 0%, 10%, 15%, Baseline", sequence the first baseline 
was normalised to the original engine wear rate. 0%, 10%, 15% values were 
then normalised by the same factor as the first baseline - so that the relative 
increase in wear over the first baseline didn't change, but the absolute values 
could be compared relative to other parts of the matrix analysed in the same 
way. 
Having successfully conditioned oil, assessed the TLA technique and designed 
the matrix experiment, the required results were gathered. The results of the 
experiment are presented in the next chapter, beginning with the outcome of the 
oil conditioning experiment and then covering the TLA experimental results. 
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CHAPTER 4 
RESULTS 
4.1 INTRODUCTION 
Results were obtained in two stages. First, during the 2000 hour oil conditioning . 
experiment. Secondly in the TLA matrix experiments. 
In this chapter the oil conditioning results are presented, focussing on engine 
condition with EGR and the effects of EGR on oil condition. The results of the 
TLA experiment are then presented in separate sections based on different 
parameters such as coolant temperature, fuel sulphur level etc. 
4.2 OIL CONDITIONING ENGINE STRIP DOWN RESULTS 
The two oil conditioning engines both completed the 2000 hour cycle. All oil 
conditioning results are listed in Appendix D. At 1155 cycle hours the partial 
strip down of the engines included removal of the cylinder head and the removal 
of one piston on each engine. After 2000 hours a full engine strip was 
conducted. The two engines had run the same cycle hours at each strip. This 
allowed direct visual comparison between the two engines to assess any wear 
differences which might have been caused by EGR. 
During engine running, no major problems were encountered. Both engines 
developed pre-governing problems where the engine began to reduce fuelling 
before rated power was achieved, progressively becoming worse in the first 855 
hours of cycle running before stabilising. The drop in governor speed is 
summarised in the Table 7 below. it can be seen that both engines had 
stabilised from 855 hours onwards. To overcome the pre-governing problem the 
2600rpm full load test points were changed to 2450 rpm. 
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This speed change is not believed to have affected the quality of the soot 
loading since combustion, fuelling and airflow are not significant ly altered with 
after the first 
mps, after the 
the speed drop. Both engines were run at the reduced speed 
sump. Therefore, test comparability remained intact and all su 
first, will be directly comparable. 
Engine Age and Service EGR Engine Governing 
(Hours) Speed (rpm) 
Non-EGR Engine Governing 
eed (rpm) Sp 
255 2750(as set) 27 50 (as set) 
555 2600 2600 
855 2540 2560 
1155 2540 2560 
1580 2540 2560 
2005 2540 2560 
Table 7: Pre-Governing Effect on the Two Test Engines 
4.2.1 Engine Strips 
The partial engine strip at 1150 hours incorporated a visual inspe 
was to disturb the engines as little as possible. However, it w 
ction. The aim 
as considered 
ess any major necessary to see the liners and to inspect the valvetrain to ass 
wear. This was achieved by: 
1. Removing the cylinder head and stripping completely 
2. Removing sump and one piston: from no.4 cylinder of each engi ne 
3. Removing inlet and exhaust manifolds and turbochargers 
4. Leaving camshafts, tappets, crankshafts, fuel pump, front gear train and 
remaining cylinders untouched. 
The conclusions from the inspection were that neither engine e xhibited heavy 
wear and the EGR engine was no worse than the standard engine. 
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The EGR engine showed many signs of the application of EGR. For example, 
the inlet manifold was sooted on all exits, as expected from previous experience 
with this specification EGR engine. The combustion zone of the piston bowl and 
valve faces showed signs of cooler combustion on the EGR engine, in the form 
of darker seating. 
The EGR valve showed signs of light rust developing, possibly indicating water 
vapour condensation in the EGR gas. 
All disturbed gaskets and seals were replaced, including the valve stem seals. 
The big end bearings disturbed in the strip were also replaced since the EGR 
engine showed signs of mis-assembly. The exhaust valves of both engines 
were lapped-in on reassembly, to improve their sealing ability which appeared 
poor. 
At the end of the oil conditioning exercise the engines were fully stripped. 
Where possible, some measurements were made to assess whether 
components show marked differences or are unexpectedly out of factory 
specifications at the end of this test programme. Again, no differences in wear 
were evident with both engines close to one another. The main change 
compared to the first engine strip was evidence of ring sticking on both engines. 
This is likely to be due to the extended oil drain periods run during the period 
between strips. Of the two engines the standard engine exhibited marginally 
worse deposits with heavier deposits between the first and second piston rings. 
The only other failure was a big end bearing failure on the production engine 
without EGR, which was purely caused by mis-assembly. 
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4.2.2 Oil analysis 
Throughout engine testing, the oil was analysed for kinematic viscosity, 
oxidation, TAN, TBN and soot content. Additives such as calcium, magnesium, 
phosphorus, and zinc were traced. Wear metals falling into the oil, detected in 
parts per million (ppm), included chrome, copper, iron, lead and molybdenum. 
The full analysis results are contained in Appendix D. Of each of the above 
parameters, only three showed any discernible difference during the test. These 
were soot level, iron content and copper content. The iron and soot levels did not 
change significantly until the last two sumps. Both were higher in the EGR 
engine, but only during the testing with longer oil drain periods. The copper 
content of the standard engine deviated from the EGR engine at the end of the 
5th sump. This was believed to be due to the bearing failure (referred to earlier), 
which was only discovered at the end of the test. 
The iron and soot content histories illustrated in Figures 23 and 24 respectively 
can be seen to periodically increase with time. Periodic decreases occurred 
when the oil is changed and sampled 1 hour after the oil change. The oil change 
period was increased during the cycle. The periods shown are for one 250 hour 
period, three 300 hour periods and two 425 hour periods. 
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The deviation in iron and soot levels on the EGR engines may be due to several 
factors, but there are two particular major causes for this. it is possible that the 
engines at this point had sufficient wear to allow increased soot transportation 
into the sump oil. Secondly, the last two sump drain intervals were significantly 
beyond the design specification for this engine type. This resulted in increased 
deposits on the components of both engines and it is likely this allowed higher 
soot transportation past the rings. Due to differences in combustion, the EGR 
engine was thought to produce higher in-cylinder soot levels. Any ring sticking 
due to the oil change interval may lead to higher soot transportation and , 
increased oil soot loading compared to the base engine. it is also possible the 
increase in soot content of the oil may have increased the iron wear seen. 
However, the iron content increase is a small trend and is not believed to be 
significant within the measurement accuracy, until the final two sumps. 
64 
4.3 EFFECT OF OIL AGE and COOLED EGR ON WEAR 
Typical engine performance data for full load 0, 10, 15% EGR conditions are 
contained within Appendix E as well as part load rated speed perfomance data. 
EGR was applied at full load conditions at 2400 rpm engine speed at three 
levels of 0, 1 0 and 15%. The levels of wear measured were different depending 
on oil condition. They are compared separately for the ring and liner in Figures 
25 and 26 respectively. 
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The baseline engine wear rate for both the ring and liner at 0% EGR follows the 
expected trend, with the aged oil doubling wear. 
The clean oil shows no increase of ring or liner wear at 10% EGR. However, 
there are clear increases above 10% with the liner more severely affected. 
When the aged oil was used, the ring and liner wear increased at both 1 0 and 
15% EGR levels. The effect at 15% EGR is significant. 
Throughout the test matrix for the clean and aged oils (Table 4) the baseline 
engine condition was repeatedly assessed. The baseline wear rate for the ring 
using clean and aged oils during the test matrix is shown in Figure 27. it is clear 
that the oil aged during the test matrix, which involved 120 - 170 hours of 
running, and that the wear rate of the base engine correspondingly increased. 
The high rate of oil ageing was not observed in the oil conditioning engines. 
Therefore, it is possible that exposure to high levels of EGR, at full engine load 
conditions, ages the oil at an increased rate. 
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Due to a low number of oil samples, lt is difficult to know what causes the 
increase in wear here. Soot is the most likely factor, whilst the age of the oil in 
terms of time or the lack of remaining additive package may also contribute. 
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The exhaust smoke of the TLA engine was observed to rise significantly with 
increasing levels of EGR. To assess the effect of EGR on carbon content, 
carbon mass has been predicted for various levels of EGR using the Greeves 
and Wang empirical formula (39). The results are shown graphically in Figures 
28 and 29 and quantitatively in Table 8, for the clean and conditioned oils. it can 
be seen that there is a sharp rise in carbon content between 1 0% and 15% 
EGR, which mirrors the rise in ring and liner wear. 
From the data in Figures 27, 28 and 29, it can be inferred that the wear 
occurring at any point in time is a function of the soot loading of the oil and the 
soot loading in the combustion chamber at the time, rather than simply the level 
of EGR. 
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Any reduction in soot loading due to re-matching of the combustion chamber 
would have a two-fold benefit for wear, both decreasing the rate of oil 
deterioration and reducing the soot loading in the cylinder. 
At the low fuel sulphur levels (0.035%) used in the above tests, it is unlikely that 
the corrosive wear could be dominant over other forms of wear and this will be 
illustrated in 5.3. The theory of whether soot inhibits the effectiveness of the 
antiwear additive package either by absorption (18, 19) or through abrasion 
(13, 15} cannot be clearly derived from these data. 
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In order to allow comparison of the effects of EGR during different stages of the 
test matrix, all wear levels subsequently presented in this paper have been 
normalised to the original base engine wear rate for each oil. Therefore, all wear 
Figures shown are corrected to a baseline of either 7.2 and 3.4 nm/hr for the 
clean oil or to 15.4 and 8.4 nm/hr for the aged oil, for the ring and liner 
respectively. Any changes in wear rate are relative to these figures. 
%EGR Smoke HC %Fuel Carbon Carbon VOF SOF 
(BSU) (g/h) Sulphur (mg/m') (g/kWh) (g/kWh) (g/kWh) 
0 0.98 6.76 0.03 27.33 0.15 0.02 0.01 
10 1.52 5.90 0.03 48.32 0.23 0.02 0.01 
15 2.06 5.80 0.03 76.79 0.35 0.02 0.01 
Table 8: Exhaust Smoke and Carbon Content 
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4.4 EFFECT OF FUEL SULPHUR CONTENT ON WEAR 
Two fuel sulphur levels were tested in combination with three levels of EGR. 
Figures 30 and 31 illustrate that the wear increases with high sulphur fuel for 
both the aged and clean oil conditions, with increasing levels of EGR. 
In Figure 30, the use of the high sulphur fuel increases the base level engine 
wear, although less than the effect of using aged oil. As the EGR level 
increases, the clean oil shows a steady increase in wear level, with no single . 
point where the wear rate rapidly increases. When aged oil was used, the effect 
of using the high sulphur fuel is more severe at all points and the wear rate 
increases significantly beyond 10% EGR. 
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The effect of high sulphur fuel on the liner shows no change in wear with clean 
oil. With the aged oil, the effect of sulphur level is again significant with an 
increasing rate of wear as the EGR rate increases and large increases beyond 
10% EGR. 
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Figure 31: Liner Wear with Oil Condition and Fuel Sulphur 
These results illustrate the ineffectiveness of the aged oil to limit the acid effects, 
due to the fuel sulphur content, of the fuel with or without the use of EGR. In 
addition, as EGR is applied, the wear rate increases significantly. This suggests 
that the recirculated gas soot and acid content will enhance the corrosion and 
abrasion wear mechanism. 
Analysis of the oil in the sump showed that the oil still had a sufficient TBN to 
neutralise acid effects. lt is possible that the increased wear effect with the aged 
oil only occurs locally at the oil film. This effect with sulphur and aged oil is in 
agreement with earlier studies (25,26) which also saw local corrosion effects 
with EGR. 
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. 4.5 EFFECT OF ENGINE COOLANT TEMPERATURE ON WEAR 
Two levels of engine coolant outlet temperature were investigated. The aim was 
to assess possible increases in wear with EGR under lower temperature running 
conditions. Specifically, if increases in wear were seen, it is likely the effect . 
would be due to increased condensed phase acid formation, increasing the 
corrosion effect. 
The effect of engine coolant temperature on the ring and liner is illustrated in 
Figures 32 and 33. A decrease in coolant temperature lead to a consistent 
reduction in wear rate for the ring and liner. Engine wear rate was reduced with · 
and without EGR, compared to the same conditions at higher coolant 
temperatures 
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At the lower coolant temperature, the clean oil exhibited no significant increase 
in wear with increasing EGR rate. The aged oil followed its previous trend of 
increasing wear as EGR is applied. However, the absolute level of wear was 
lower with the lower coolant temperature. 
Since the engine had an integral oil cooler supplied by the engine's water jacket, 
reducing the coolant temperature decreased the liner temperature and reduced 
the oil temperature. The integral cooler was retained in this test to show the 
effect on the whole engine system of a reduced coolant temperature. As shown 
in Table 3, the 32°C reduction in coolant temperature reduced the oil 
temperature by 15°C from a 115°C baseline level. 
it is believed that the reduction in the ring and liner component temperatures, 
their subsequently larger clearances and the oil temperature have led to an 
increase in the oil film thickness of the oil layer at the ring/liner wear interface. 
This effect allows the oil to offer higher protection against soot related wear, 
increasing physical thickness and additive presence. 
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The effect of soot on wear will be minor if solid contact between the ring and 
liner with the soot does not occur, i.e. if the oil film between the components is 
thicker than the primary soot particle size (21 ). 
When low coolant temperature and high sulphur fueiE were combined an 
increase in wear rate was expected due to increased corrosion. However, the 
wear rate was lower compared to higher engine coolant temperatures. This is 
believed to be related to the increased oil layer thickness and a subsequent 
increase in anti-corrosion additives at the component faces. The results are 
illustrated in Figures 34 and 35 for the ring and liner respectively. 
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Figure 34 illustrates the reduction in wear with the lower coolant temperature. 
The main difference between this and the low sulphur fuel is that wear begins to 
rise with the clean oil, suggesting the oil is incapable of neutralising the wear due 
to sulphur, even when clean. 
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The second noted trend is that the level of wear increase with the higher sulphur 
fuel is substantially higher than the results with low sulphur fuel. This confirms 
there is a corrosion effect with the presence of higher sulphur fuel, and that this 
acts in addition to other wear mechanisms of EGR. 
The lower coolant temperature appears to increase the effectiveness of the oil in 
resisting sulphur/corrosion attack. lt is possible that the local oil condition, with a 
thicker oil film, is able to resist wear as the oil volume is increased and is more 
able to resist acidic environments. The effect of greater oil volume is also seen, . 
to a greater extent, in the sump where TBN is unaffected by EGR at these test 
levels. 
The liner wear rate trends of Figure 35 are similar to the ring, although the effect 
of different coolant temperatures with the clean oil is too close to derive a trend. 
it should be noted one test point (Aged oil, 60°C coolant, 10% EGR) is missing 
for the aged oil 60°C run; this was due to an instrumentation error, which was 
not noted before the completion of the aged oil test matrix. 
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4.6 COMBINED WEAR EFFECTS 
Table 9 shows a summary set of conditions with and without EGR from the base 
engine to progressively worse conditions with EGR, aged oils and high sulphur 
fuels. The relative wear levels seen at these conditions aro plotted in Figures 36 
and 37, all wear levels have been related to the clean oil, base engine wear level 
(base engine wear= 1). 
Graph Oil EGR Fuel Sulphur Level (%) 
Condition Condition (%) 
A Clean 0 0.035 
B Clean 15 0.035 
c Clean 15 1.33 
D Aged 0 0.035 
E Aged 15 0.035 
F Aged 15 1.33 
.. Table 9: Summary of Test Cond1t1ons for Results 1n F1gures 34 and 35 
Figure 36 conditions A-C show the baseline wear, wear at 15% EGR and wear 
with both 15% EGR and the high sulphur fuel. lt can be seen the wear increase 
with EGR alone is relatively small at 36%. With high sulphur fuel and EGR the 
increase is significant, increasing by 180% over the baseline level. This 
represents the worst clean oil condition tested. From this it can be concluded a 
clean oil is able to substantially resist wear increases at normal fuel sulphur 
levels. 
Conditions D-F show the same trend from base engine wear onwards but with 
the aged oil. lt is clear the effect of EGR and the use of high sulphur fuels 
increases wear more significantly with the aged oil. The inability of the aged oil 
to resist EGR effectively is considered to be linked to three mechanisms: sump 
oil age (primarily soot level), soot presence in the gas and corrosion with 
increasing fuel sulphur levels. 
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The last two of these are definitely local effects as in-cylinder corrosion will 
depend on in cylinder oil quality, despite the sump oil remaining of good quality 
with a high TBN. The sump oil effect may be .local additive stripping in the 
cylinder which will be more severe with aged oil where additives are depleted. 
Figure 27 presented earlier illustrated the ageing effect of the oil during these 
tests. From this progressive ageing and the high levels of wear seen with the 
aged oil, it can also be concluded the wear rates with EGR will progressively 
increase with oil life. 
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Figure 37 illustrates the liner wear rate under the same conditions for the ring in 
Figure 36. For the base engine the effects of the oil on the ring and liner are 
broadly the same as the ring. The main additional point to be made is that the 
liner is affected to a higher degree when the aged oil is used with EGR and also 
with EGR and the high sulphur fuel. This suggests the liner will be more 
significantly affected than the ring as the oil ages, albeit from a lower absolute 
wear rate. 
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Figure 37: Summary of Relative Cylinder Liner Wear Rates 
Figures 36 and 37 suggest that to maintain piston ring and cylinder liner wear at 
current levels, it will be necessary to prevent oil ageing effects. This can be 
achieved by using higher quality oils and producing less ageing through the use 
of lower particulate engines. In addition reduced oil change period or sump 
volume increases could reduce the age effect. 
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4.7 EFFECT OF ENGINE LOAD ON WEAR 
Light-duty diesel engines commonly have uncooled EGR systems and there 
have been no reported significant increases in engine wear. In addition, the oil 
conditioning engines of this study showed no obvious increases in engine wear . 
due to predominantly light load EGR and only low levels of full load EGR (see 
Table 2). 
The engine baseline wear was established at loads corresponding to 25, 50, 75 , 
and 100% full load at 2400rpm. The results of this are shown in Figures 38 and 
39 for the ring and liner respectively. The EGR rates used are shown at each 
point. 
Figure 38 illustrates the effect of bmep on base engine wear. Within the 
measurement error of the technique it appears the engine wear rate increases 
with increasing bmep. This is in agreement with previously reported 
observations (37). it should be noted the light load wear rates are close to the 
limits of detection. Ideally these tests would have been for longer durations for 
better accuracy. These wear rate levels were not anticipated when the system 
was set up and further care would be taken in future to reduce measurement 
noise. 
When EGR was applied, the wear rate of the first two loads did not measurably 
increase, remaining within measurement error and were of no significance. 
However, wear rate levels at 75 and 100% load both increase and indicate an 
increase in EGR induced wear with increasing bmep. 
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Figure 38: Effect of Engine Load and EGR on Piston Ring Wear 
The liner wear shown in Figure 39 reflect the conclusions of the ring with no low 
load wear increase with EGR and a distinguishable increasing wear trend at the 
two higher loads. 
From this study it can be concluded EGR does not increase wear at fight load 
conditions. This is in agreement with a pre'lious light load EGR study on a heavy 
"'"'" e~~'~e 1' "' "'h:~h ~~~~'""'ed +ha• <="'R d'd net ·Increase '•"ear metal content \,.H .. HJ il)jlll \1-..Jj VVIIIVII VVIIVH.4 -" Lll L J-\...1 I I I ''I 
in the engine oil. In addition, it is possible that no significant increase in fight-
duty engine wear occurs with EGR due to its use only at light load. 
lt should be noted this test was conducted at one speed only. it is probable, 
based on work reported by Schneider et al (37), that peak torque speed and 
load will increase wear further due to the bmep increase. When EGR is applied 
at peak torque, the wear will increase in the same proportions seen in this study. 
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This trend also implies that it would be beneficial to engine wear if the EGR 
levels applied at light load are as high as possible, in order to reduce the full 
load EGR requirement. 
4.8 EFFECT OF UNCOOLED EGR ON WEAR 
The oil conditioning engines were equipped with uncooled EGR systems. 
Therefore, to assess the differences between cooled and uncooled EGR, a full 
load study was performed with an uncooled EGR system fitted to the test 
engine. 
Three levels of EGR were applied (5, 10 and 15%) in order to cover both the 
test conditions used during the oil conditioning and the cooled full engine load 
EGR test points. The ring and liner results are shown in Figures 40 and 41 
respectively. 
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Both the ring and liner show no increase in wear at 5% EGR levels. At 10 and 
15% EGR, unccoled EGR appears to consistently increase wear more 
significantly than cooled EGR. The increase in wear will be partly due to a 
higher smoke level with uncooled EGR (up by 0.1 Bosch). This may increase 
the soot wear effect. However, the smoke level at 15% cooled EGR is higher . 
than that of the 10% uncooled EGR condition, yet the wear is lower. Therefore, 
soot is not the only change which leads to higher wear with uncooled EGR. 
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The intake gas temperature with uncooled EGR present is higher than that of the 
cooled EGR set-up. This will increase the mean in-cylinder temperatures. Also, 
uncooled EGR does not reduce the peak combustion temperature as effectively 
as cooled EGR. These two effects will increase component temperatures which 
may reduce oil film thickness. The engine will then be less able to limit soot 
wear effects. This theory supports the low coolant temperature effect on the oil 
film thickness and component temperatures, and the lower wear this gave. 
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4.9 TLA CYCLE WEAR WITH EGR 
Comparison of the oil conditioning cycle results with the TLA study above 
reveals three main points: 
i) The EGR levels used at light load (approximately 25%) and full load (5%) 
have caused no increase in wear, which confirms the results seen during 
the oil conditioning programme. 
ii) The use of hot EGR at these levels was not a primary cause of wear. 
iii) The oil conditioning, at the lower EGR rates used, was less severe than 
that seen during the TLA tests at prolonged full load test conditions and at 
high EGR levels. 
These are in agreement with (17) which concluded wear does not increase with 
EGR. Based on the findings of this study, this will have been influenced by the 
level of EGR applied (5-8% full load, 11-14% mid load, 22-28% light load). 
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CHAPTER 5 
DISCUSSION OF RESULTS 
5.1 EGR EFFECT ON IN-CYLINDER CARBON AND OIL CONDITION 
The most dominant cause of increasing wear seen in this study has been . 
observed to be due to oil condition. it was observed in Section 5.3 that base 
engine wear, without EGR, increased with aged oil by a factor of two for the ring 
and liner. As EGR was applied wear also increased. The increase in wear was 
more significant when aged oil was used (Figures 25 and 26). 
The oil age effect was further seen in the test matrices. Base engine wear 
increased progressively as the oil aged during the tests. When aged oils were 
flushed from the engine and clean oil used to re-establish base engine wear, the 
engine wear rate was observed to return to its original level. it is also suggested 
that the use of high levels of EGR during the tests increased the rate of 
deterioration of the test oils (Figure 27). it was observed (Figures 28 and 29) 
that in-cylinder carbon levels increased with increasing EGR (in confirmation of 
Figure 5 (11 )). This effect directly increased the wear rate and caused the 
increased rate of oil ageing. Therefore, it is concluded EGR affects both local 
and global oil conditions. 
Figure 42 below illustrates the effect of carbon level combustion products 
against component wear for the liner, for all test matrices conditions. it can 
clearly be seen that the aged oil conditions have significantly higher wear levels. 
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Figure 42: Effect of Oil Age and Exhaust Carbon Content on Wear 
Therefore, the dominant mechanism of EGR induced wear, for standard fuels, is 
due to the following process: 
i) EGR caused a deterioration in combustion quality 
ii) in-cylinder and exhaust soot levels correspondingly increased 
iii) soot transportation to sump oil increased, deteriorating oil quality 
iv) in-cylinder soot levels and poorer oil quality at the component wear 
interface directly increased component wear 
Although these effects are clear, the actual wear mechanism cannot be 
distinguished from the study. The effect of soot may be local - causing abrasion 
of components, abrasion of additive layers, or absorbing additive packages 
locally - inhibiting protective layer formation. Other factors are also possible, 
such as carbon packing in the ring grooves- whether permanent or transitory. 
Therefore, this study has identified the dominant EGR cause of wear for this 
engine. However, the specific wear mechanisms influenced by soot are still not 
clear. 
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From the results it is likely that if the soot level of this engine was maintained at 
pre EGR levels, wear would not increase due to in-cylinder or oil effects. 
Table 10 illustrates the levels of soot seen in the exhaust for typical EGR levels 
with a clean oil. If 15% EGR were applied at the same soot level as the base 
engine (0% EGR), wear would not be severely increased. 
EGR% Carbon (mg/m') 
0% 27.33 
10% 48.32 
15% 
I 
76.79 
Table 10: Carbon Level in Exhaust Gas 
In addition, if engines which employ EGR have lower soot levels than those seen 
above, it is likely the soot/wear effect will not cause higher engine wear than 
seen in current engines without EGR. 
If the soot level could not be maintained or reduced it is possible the effects of 
soot could be counteracted through improved oil specification or through 
increased sump volumes. Neither of these are desirable options as they 
increase cost of ownership of the engine. 
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5.2 EGR ENGINE ISSUES 
The majority of results presented in this study have been recorded at engine 
rated speed, full load. At this speed and load it is clear that both in-cylinder 
carbon levels and oil condition, affected wear. 
Section 4.7 clearly illustrated increased wear with EGR at high load conditions. 
There are two further implications of oil ageing to consider in this context. As 
wear increases with oil age the wear of the engine at light load conditions will . 
also increase. In addition, when EGR is switched off - at any condition, wear 
rate will also be increased. Therefore, there is a need to minimise the oil ageing 
effect of EGR. 
To minimise the oil age effect due to soot levels, the in-cylinder soot levels seen 
with EGR must be reduced to the levels seen prior to the use of EGR. This can 
be achieved through a rematched combustion system - such as higher fuel 
injection pressure, higher 0 2 intake mass, or other solutions. This is likely to 
require increased boost pressure levels and increased firing pressures. This will 
directly increase the pressure in the ring groove, itself a direct contributor to ring 
and liner wear. Under these conditions it may be possible to conclude EGR 
produces increased wear rates, but it may be the direct effect of combustion 
changes. 
An attempt has been made to consider the effect of combustion changes during 
the analysis of the results obtained in this study. This analysis was not 
envisaged at the outset of the study, therefore, the following is intended as an 
indication of potential trends. 
Within the study, boost pressure was observed to increase slightly as EGR level 
was increased and as other parameters were held constant. The effect of boost 
pressure is plotted against wear liner wear level for all test matrices points for 
the aged and clean oils in Figure 43 below. 
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Figure 43: .The Effect of Boost Pressure on Liner Wear at Constant Power 
The sharp rise in wear previously observed is less obviously related to boost 
pressure compared to carbon content (Section 5.3). However, it is possible that 
there is a link with boost pressure and wear in this study, although it is believed 
to be a secondary effect. it is clear from Figure 43, that oil condition remains 
significant. 
The charge temperature also increased as EGR was applied. In the tests, the 
fresh inlet air was controlled at 48 •c. The EGR gas temperature varied as EGR 
level increased, as the EGR cooler was of a fixed size and cooling capacity. The 
combined charge temperature after EGR and fresh inlet air mixed was not 
measured. However, it has been estimated based on mass flow and 
temperature of EGR and inlet air. 
Mass of EGR has been estimated for these calculations as it was not possible to 
measure this. Therefore, the data which follows is strictly for indication of any 
potentially significant effects of charge temperature. The mass of EGR gas has 
been assumed to be equivalent to the displaced fresh air mass. 
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The latter, however, is not strictly true of a turbocharged engine as the turbine 
and compressor operating efficiencies will alter as mass flow is affected by EGR 
flow. The basis of the calculation performed is shown below. 
In the above it is assumed: Cp,;, is 1.005 kJ/kgK and CpEGR is 1.145 kJ/kgK 
The outcome is shown for all results for the liner below in Figure 44. 
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Figure 44: The Effect of Inlet Charge Temperature on Liner Wear 
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lt can be seen with clean oil there is no clear change due to charge temperature. 
With aged oil there appears to be a potential change. Aged oil would be 
expected to be less wear resistant to changes in component temperature. 
Increases in total inlet air temperature are known to increase mean component 
temperatures. Aged oils will be less able to contain engine wear as temperature 
increases. The temperature effect is considered to be a secondary effect to the 
carbon effect seen earlier. However, it is possible it has a contributory effect to 
the aged oil wear rates. 
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The effect of combustion changes on cylinder pressure will also have an impact 
or. in-cylinder component wear. Although cylinder pressure was not measured 
in this study, similar engine types, with EGR applied in these quantities as a 
substitutional mass, have shown little variation in cylinder pressure in the 
author's experience. Therefore, within this experiment, cylinder pressure is not . 
expected to have contributed to wear changes seen with EGR. 
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5.3 Fuel Sulphur Effect 
The effect of fuel sulphur on wear with EGR was detailed in Section 4.4. it was 
clearly seen that additional fuel sulphur increased wear. Therefore, the 
corrosion wear mechanism due to fuel sulphur content is increased with EGR. 
In addition, the highest wear levels of the study were seen with aged oil and high 
sulphur fuel. it is clear high sulphur fuel and EGR will increase engine wear. 
However, it is not believed that sulphur is a dominant contributor to wear at 
standard fuel sulphur levels of less than 500ppm. In this study, the base fuel 
was a 350ppm specification. Therefore, it has been concluded that although 
EGR may promote corrosive wear, this is not significant for future engines as 
these will operate on a maximum of 500ppm fuel for Euro Ill and probably on 
fuel of less than 50ppm for Euro IV if current European proposals are confirmed. 
Figure 45, below, illustrates three curves of Liner wear with rising fuel sulphur 
content. The first is at 0% EGR, the second at 15% EGR and a third normalised 
for the EGR Effect. 
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The 0% EGR !!ne shows pure!y the effect of fuel sulphur for baseline liner wear 
without EGR. The 15% line shows the same effect but with 15% EGR applied. 
The increase in liner wear with 0.035% sulphur fuel with and without EGR has 
been attributed to in-cylinder carbon and oil condition. This wear effect of 0% to . 
15% EGR will be present to the same extent for 1.33% sulphur fuel. Therefore, 
the normalised EGR line is the 0% wear line shifted upwards by the level of 
carbon EGR wear. The difference between the normalised wear line ·and the 
15% EGR line (from 0.035 to 1.33% sulphur levels) can therefore be attributed to . 
the EGR sulphur induced corrosion wear alone. 
If we assume this increase is purely due to sulphur, and if we assume a linear 
relation (there are only two points), it is clear the effect of small changes in fuel 
sulphur content around the 0.035% sulphur point will have only a small effect on 
wear. Therefore, it is believed that the effect of fuel sulphur on wear with EGR is 
small at 0.035% sulphur levels. The in-cylinder carbon and oil ageing effects are 
therefore concluded to be the dominant causes of increased wear with EGR. 
lt should be remembered this study has only investigated ring and liner wear. 
Even small levels of sulphur may have significant effects on the EGR system -
e.g. the EGR cooler. 
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5.4 Experimental Technique 
Whilst drawing conclusions from this study it is important to recognise the 
constraints of the study on the universal application of these results. 
This study has assessed wear effects with EGR for the ring and liner of one 
engine only. it is therefore specific to this engine design and its materials. In 
addition, wear characteristics will be dependent to some extent on engine rating 
(e.g. effects of fuelling, boost pressure and cylinder pressure). Furthermore, the . 
wear rates seen are based on the top ring and liner top ring reversal point only. 
The study has also been conducted using a single oil specification. This has 
given consistency for the aged versus clean oil experiments. it does not provide 
information on how higher quality oils (greater viscosity grade, additive package 
of synthetic versus mineral base oil) may reduce the effects of EGR observed.· 
Finally, the use of TLA and the analysis conducted on the results will have an 
impact on the wear rates measured. The TLA technique has assumed uniform 
wear . of the irradiated portion of the components. In fact, the technique 
measures the quantity of material debris worn in a test. Therefore, if wear is 
uneven or irregular, the specific wear rates may not be accurate. This is similar 
to physical measurement in that it is only the measured contact point that is 
assessed, not areas adjacent to it. 
Within the analysis certain effects have not been possible to analyse. The most 
significant of these is the normalisation of results. For example, wear was 
assessed as four points - generally 0%, 10%, 15%, 0% EGR at a given 
speed/load condition. During each set of four points (which make up the full 
matrices) there was generally an upward trend in 0% baseline wear rates, with 
the second baseline generally higher than the first. This is due primarily to 
continuous oil conditioning. The effect of this, if it were linear, would be to 
progressively overestimate 10% and 15% EGR wear levels. 
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This overestimation has not been assessed in this study. The effect of this is 
believed to be small, but will contribute to some variation in actual wear rate due 
to EGR. 
Despite these effects, the results are acceptable as an analysis of the wear 
trend with EGR. The technique and design of this experiment may have to be 
refined further to eliminate the effects discussed above, or to provide absolute 
wear rate values. 
Finally, engine wear has been assessed at steady-state and relatively warm 
engine conditions. The effect of transient wear may be more significant to total 
engine wear in operation due to the constantly changing oil film formation 
conditions of the engine. The effect EGR has on transient wear is assumed to 
be the same as steady state wear increases, although this has not been 
assessed. Clearly, if EGR is not well controlled during transient conditions then 
engine wear and oil contamination will be increased due to transient smoke 
increases. 
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5.5 IMPLICATIONS OF EGR FOR ENGINE WEAR: 2002-2008 ENGINES 
From this study it is believed engine wear with EGR can be minimised if carbon 
levels in the cylinder and in the oil are well controlled and maintained at a low 
level. This has significant implications for Euro IV, or other future emission 
regulations, which are obtained using EGR. 
To meet low particulate emissions in the future, it is likely that soot levels in the 
cylinder will be significantly lower than that of the engine tested in this study .. 
This will substantially reduce wear in the cylinder. due to the presence of soot 
and will reduce oil ageing effects due to the quantity of soot. Therefore, it is 
possible future low emission engines using high levels of full load EGR, may 
produce lower levels of soot and therefore may have much reduced, or no, EGR 
wear problems for the ring and liner. 
However, it is also possible other secondary effects with EGR may be increased 
for low soot engines. Rematching combustion, increasing boost pressure, 
increasing firing pressure and EGR temperature may all affect wear with EGR. 
Therefore, care needs to be taken when applying EGR by, for example, 
maintaining low soot levels. 
In addition, market and regulatory pressures may also impact the wear levels 
seen with EGR. Recent levels of emissions set for Euro IV are likely to require 
particulate traps to meet the 0.02 g/kWh legislation limits. lt may be possible 
that solutions to meet this emission level will allow the use of EGR for NOx 
control, whilst allowing engine out particulates to rise with little control; with the 
particulate trap reducing exhaust out emissions. Whilst this would enable the 
emissions legislation to be attained, it would also allow high in-cylinder soot 
content, coupled with EGR, and may lead to wear with EGR. 
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Furthermore the market demands longer service interval periods. If sump life is 
extended, oil quality will need to be maintained. it is undesirable, from an 
environmental viewpoint, to merely increase sump volume to achieve this. 
Therefore, higher quality oil or maybe centrifugal filtration techniques will be 
required. 
The engine issue therefore, is not the effect of EGR on engine wear, but the 
effect of EGR on the total engine system. EGR is a NOx reduction technique 
which should not simply be bolted on to the engine, but should be integrated and 
considered at every stage of the engine design and development. Only then will 
EGR and its potential impact on wear cease to be a concern. 
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CONCLUSIONS AND FURTHER WORK 
99 
CHAPTER 6 
CONCLUSIONS AND FURTHER WORK 
6.1 CONCLUSIONS 
The work presented in this Thesis has made important and timely contributions . 
to the technical debate regarding EGR and its affects on diesel. engine wear. 
The investigation of EGR and wear was conducted on a test engine operating at 
2400 rpm with a particular oil specification and combustion. system. The 
baseline engine was specified at Euro 11 emission levels and was not rematched 
when EGR was applied. The main conclusions of the investigation are as 
follows: 
1. The wear rate of the piston ring and cylinder liner are related to the EGR level 
applied and the engine oil age. Full load EGR rates above 10% increased 
wear, the wear levels also increased with oil age. 
2. The rate of oil ageing increased as the percentage EGR level increased; oil 
ageing was related to the time the oil was exposed to EGR operating 
conditions. 
3. EGR increased the component wear at high loads, but did not affect low load 
wear levels. 
4. The level of carbon present in the cylinder has a fundamental influence on 
piston ring and liner wear and on oil quality. When EGR was applied, the 
carbon level increased. 
5. Higher fuel sulphur content increased engine wear with and without EGR 
applied. 
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6. Lower engine coolant temperatures reduced engine wear at all conditions 
tested. This is believed to be due to a coolant supplied oil cooler lowering oil 
temperature and increasing the ring and liner oil film thickness. 
7. Uncooled EGR increased wear more than cooled EGR. This is considered to 
be due to a combination of increased engine soot production, increased 
engine operating temperatures and a thinner oil film thickness at the ring and 
liner. 
The above conclusions indicate engine carbon production is a major cause of 
engine wear with EGR. This has significant implications for Euro IV, or similar 
emission levels, which are achieved through the use of EGR. To meet these 
emissions, it is noted that soot levels will be significantly lower than those of this 
test engine. This will substantially reduce the soot levels in the cylinder and also 
reduce the oil ageing effect. Therefore, it is possible that Euro IV emission 
engines using high levels of full load EGR may not produce the levels of soot 
seen in this study and therefore may have no EGR wear problems for the piston 
ring and cylinder liner. 
If this soot reduction alone is not sufficient to reduce the oil deterioration, it is 
probable that further solutions such as increased sump volumes, reduced 
service intervals or improved oil film thickness will be required. These conflict 
with future market demands for lower operating costs and longer service 
intervals. 
To reach the anticipated low NOx levels for 2002 - 2008, the use of full load 
EGR will need to be applied at levels of 10-20%. At levels below this and at low 
soot levels tested (i.e. possible Euro Ill EGR solutions) wear will not be an issue. 
However, care needs to be taken in applying high levels of EGR as engine 
power density and cylinder pressure levels rise, as increased mechanical and 
thermal loading of the engine may lead to higher wear levels and increased 
sensitivity to EGR. 
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6.2 FURTHER WORK 
Having identified increased soot in the combustion chamber and increased soot 
in lubricating oil as the two primary causes of increased wear with the EGR 
system tested, there is a need for further work to validate the significance of this 
hypothesis and investigate potential solutions. There are three areas of 
investigation which should follow: 
1) Investigate the effect of in-cylinder soot levels on wear 
This could be achieved by, for instance, adjusting timing or injection pressure to 
allow a constant in-cylinder soot level with and without · EGR applied. 
Comparison of wear would identify any difference EGR may cause independent 
of soot level. 
Filtering the recirculated portion of the in-cylinder soot whilst assessing wear 
should be considered. This will identify any wear caused by the exhaust gas 
entering the cylinder. 
In order to understand the in-cylinder wear process due to soot, measurement of 
the soot particle size and hardness, with and without EGR, would be beneficial. 
2) Investigate the effect of oil quality and soot loading on engine wear 
Revised oils, tolerant of high soot levels, should be tested in order to identify the 
ability of oil to minimise soot induced wear. 
3) Identify EGR wear rates for marginal engine components. 
This present study should be extended to investigate the effect of EGR on the 
valve train and bearing systems of the engine. This should be conducted after 
the above pieces of work in order to test common solutions on the whole engine. 
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APPENDIX A 
OIL CONDITIONING TEST CYCLE 
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Oil Conditioning Test Cycle 
For each 24 hour period the following cycle should be run: 
Stag TIME LOAD SPEED EGRValve 
e Setting 
1 15 mins 30% (30Nm) 2600 7 turns 
2 5 mins minimum 2340 7 turns 
3 70 mins 100% {300 Nm) 2600 2 turns 
4 5 mins minimum 690 7 turns 
5 75 mins 80% (240 Nm) 2600 5 turns (*) 
6 5 mins minimum 2860 7 turns 
7 75 mins 100% {400 Nm) 1600 1 turn 
8 5mins minimum 690 7 turns 
9 75 mins 30% (52 Nm) (**) 2750 7 turns 
10 5mins minimum 2860 7 turns 
11 85 mins 100% (300 Nm) 2600 2 turns 
12 5mins minimum 2340 7 turns 
13 70 mins 100% (300 Nm) 2600 2 turns 
14 5 mins minimum 690 7 turns 
15 75 mins 80% (240 Nm) 2600 5 turns (*) 
16 5 mins minimum 2860 7 turns 
17 75 mins 100% (400 Nm) 1600 1 turn 
18 5 mins minimum 690 7 turns 
19 75 mins 30% (52 Nm) (**) 2750 7 turns 
20 5 mins minimum 2860 7 turns 
21 85 mins 100% (300 Nm) 2600 2 turns 
22 8 Hours 80% (240 Nm) 2600 5 turns (*) 
23 5 mins minimum 1600 closed 
24 5mins minimum 690 closed 
21 hrs 55 min Shut Down for Daily Checks 
.. 
* Denotes: EGR valve pos1t1on to be confirmed. 
** Denotes: Engine operating on governor- engine load may vary. 
Record all measurement channels at each cycle stage. 
APPENDIX B 
TEST OIL AND FUEL SPECIFICATIONS 
llO 
I 
I 
2000 HOUR CYCLE- TEST FUEL DETAILS 
Specific Gravity (@ 15.6°C): 0.841 kg/Litre 
Kinematic Viscosity (@40°C): 3.62 cS 
Cetane Index (IP218): 55 
Distillation: 
DISTILLATION TEMPERATURE (°C) 
Initial Boiling Point 176 
5% 206 
10% 216 
20% 234 
30% 249 
40% 262 
Mid Boiling Point 276 
60% 289 
70% 303 
80% 319 
90% 343 
Final Boiling Point 363 
%Recovery 99% 
Ill 
TLA TEST PROGRAMME- TEST FUEL DETAILS 
Two test houses tested the fuel. For comparison both are shown below: 
' 
PARAMETER TOTAL SAYBOLT 
Specific Gravity (kg/1) 0.843 0.843 
Kinematic Viscosity (@ 40°C): 2.92 2.99 
Sulphur(%) 0.03 0.04 
Cetane No. 50.5 50.4 
WSD (HFRR)* 369 392 
* Wear Scar Diameter 
Kinematic Viscosity (@40°C): 3.62 cS 
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APPENDIX C 
ACTIVITY TO DEPTH CURVES 
113 
T m Layer Activation 
Ion Beam Services 
Activity I De(!!h curve for 57Co in Fe 
AEA Tee hnology 
JDO~------------------------------------------------------------------------------
90 
Half Depth = 15 Jlm 
Substrate Density= 7.87 g/ cnf1 
BO Reference= TLA/PER/9802 
i 
70 
60 
50 
Total Activity 
40 
30 
20 
10 
olo--------------------~,o~----------------~~2~0----------------~---,;o~------------------~40 
Depth (micromdcrs) 
Thin layer Activation 
Ion Beam Services 
Activity I De~th curve for 56Co in Fe 
AEA Tethnl":llogy 
lOO .,-----------------------,-------------,-------------, 
Half Depth = 13 micromctres 
90 
Substratc Density= 7.87 g/cm' 
Reference = TLA/PER/9802 
70 
Curve Coefficients : 
AO = 3.43377 E+01 
Total Activity 50 
Al = -6.60782 E-01 
('1(.) A2 = 7.28702 E-03 
40 A3 = -6.28981 E-05 
M = 2.18223 E-07 
30 
20 
HI 
I) 10 20 311 40 
Depth (micrometrcs) 
- -- ---------
APPENDIX D 
OIL CONDITIONING RESULTS 
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Oil Conditioning EGR Engine 
Oil Condition Additive Elements Wear Metals 
Index Cycle Hours Vi se TAN Oxidation T8N Soot ea Mg p Zn Cr Cu Fe Pb Sn Mo 
Hours from chg 40C 
"2 1 a/mm ~ 50°/o ,2% 30ppm 30ppm 120 ppm 30ppm 30ppm 
13310/lb 1 1 97 0 0.01 9.8 0.2 11 1909 907 1006 1 3 14 5 6 4 
13310/2b 75 75 101 0 0.02 9 0.9 14 1990 980 1097 4 16 58 11 7 9 
13310/3b 150 150 107 0 0.13 9.1 1.5 14 2048 976 1141 4 21 76 13 7 9 
13310/4b 225 225 112 0 0.24 8.9 2.1 16 2221 1086 1285 6 35 118 17 8 11 
13310/5b 256 1 100 0 0.01 9.3 0.4 14 1898 909 1021 1 6 17 6 6 5 
13310/6b 315 60 102 5 0.1 8.5 0.8 13 2659 991 1201 2 17 45 9 9 7 
13310/7b 390 135 109 4.8 0.18 8.5 1.8 19 2619 1041 1263 3 27 76 11 7 8 
13310/Bb "465 210 117 4.6 0.11 8.6 1.6 14 2948 1112 1397 4 33 119 16 7 10 
13310/9b 540 285 124 4.4 0.15 8.2 1.8 16 3000 1187 1492 5 37 156 22 8 12 
13310/108 556 1 100 0.01 10.1 0.1 41 2009 988 1169 1 4 18 8 11 5 
13310/118 630 75 104 0.09 10.1 1.3 11 2114 1104 1287 2 16 51 11 12 7 
13310/128 705 150 107 0.2 10.4 1.8 10 2228 1089 1341 2 16 60 14 8 8 
13310/138 780 225 118 0.38 10 2.5 11 2236 1167 1408 3 24 106 24 11 10 
13310/148 855 300 126 0.55 10.8 2.9 13 2381 1264 1545 4 28 151 37 14 13 
13310/158 856 1 102 0.01 10.3 0.4 8 2085 1021 1213 1 4 22 10 10 5 
13310/168 930 75 105 3.4 0.1 14.1 1.5 11 2587 1157 1391 2 13 53 12 23 9 
13310/178 1005 150 114 3.8 0.28 14.5 2.3 12 2770 1253 1544 3 19 90 19 22 12 
13310/188 1080 225 128 4.2 0.14 14.4 1.7 14 2888 1328 1660 4 23 133 30 27 15 
13310/198 1155 300 136 4.6 0.37 14.2 2.6 28 2917 1391 1722 5 28 170 41 18 17 
13310/208 1163 8 101 0.19 12.2 0.1 4198 68 767 921 1 3 14 2 1 3 
13310/216 1230 75 107 0.43 15.1 1.3 5322 109 938 1131 5 14 60 4 1 6 
13310/228 1305 150 118 0.61 16.1 1.4 5834 104 996 1234 5 22 86 9 1 8 
13310/236 1380 225 117 0.85 17.5 3.3 6588 102 1092 1366 5 27 117 20 1 10 
13310/246 1455 300 142 1.11 17.9 2.5 6855 96 1127 1430 5 30 136 30 1 11 
13310/258 1530 375 160 1.35 18.9 6.1 7382 94 1212 1521 6 32 166 42 1 13 
13310/268 1576 1 108 3.2 0.16 10.5 0.3 4448 19 784 910 1 4 15 10 1 4 
13310/278 1650 75 116 4.9 0.53 15.7 1.8 7670 40 1228 1496 2 17 65 6 1 7 
13310/288 1725 150 134 5.2 0.79 16.2 3.8 8724 46 1360 1692 3 28 111 14 1 10 
133101298 1800 225 153 4.6 1 14.5 6.2 7182 37 1158 1428 3 22 109 22 1 11 
13310/308 1875 300 174 5.1 1.23 15.2 6.1 864 41 1270 1582 4 29 143 29 9 13 
13310/318 1950 375 196 4.9 1.41 14.5 7 7913 42 .. 1275 1557 5 30 189 36 6 16 
- -----------------------------------------------------------------------------------------------------------------------------------------
Oil Conditioning Standard Engine 
Oil Condition Additive Elements Wear Metals 
Index Cycle Hours Vi se TAN Oxidation TBN Sool ea Mg p Zn Cr Cu Fe Pb Sn Mo 
Hours from chg 40C 
.2 1 a/mm -50% ,2% 30or m 30or m 120 oom 30oom 30 or m 
13310/1a 1 1 96 0 0.03 9.4 1 12 2173 1050 1124 1 6 9 6 4 5 
13310/2a 75 75 101 0 0.04 9.5 1 15 2296 1130 1246 3 25 48 8 7 9 
13310/3a 150 150 108 0 0.17 7.9 1.8 48 2389 1181 1334 4 38 81 10 8 10 
13310/4a 225 225 109 0 0.31 9.4 2.3 14 2244 1104 1283 4 48 94 10 9 11 
13310/Sa 256 1 101 0 0.01 9.4 0.1 8 2176 1022 1124 1 10 16 5 4 5 
13310/6a 315 60 102 4.4 0.1 8.8 0.7 12 2623 998 1195 2 32 40 8 8 7 
13310na 390 135 112 4.4 0.11 8.7 1.7 43 2821 1104 1344 3 44 72 10 7 9 
13310/8a 465 210 121 4.2 0.3 8.7 2.3 14 2952 1166 1434 4 45 105 11 8 11 
13310/9a 540 285 129 5 0.26 8.8 2.3 15 2994 1192 1467 5 45 131 12 11 13 
13310/10A 556 1 102 0.01 10.2 0.5 43 2027 1029 1190 1 7 20 6 7 5 
13310/11A 630 75 107 0.17 10.8 1.7 11 2061 1052 1228 2 26 46 7 14 7 
13310/12A 705 150 113 0.26 10.8 2.2 11 2255 1147 1382 3 30 70 9 9 9 
13310/13A 780 225 123 0.45 10.8 2.7 12 2321 1231 1467 4" 36 103 10 18 11 
13310/14A 855 300 132 0.58 10.8 3 13 2415 1301 1551 4 38 129 12 15 13 
13310/15A 856 1 102 0.01 10.3 0.3 8 2090 1027 1194 1 5 17 6 12 5 
13310/16A 930 75 106 3.4 0.01 14 0.9 27 2531 1097 1327 2 15 37 8 15 8 
13310/17A 1005 150 117 4.2 0.23 14.6 2.1 13 2779 1249 1530 3 30 82 11 31 12 
13310/18A 1080 225 128 4.2 0.49 15.2 2.9 14 2987 1361 1694 4 38 124 16 26 16 
13310/19A 1155 300 136 4.6 0.36 14.8 2.6 33 2955 1369 1690 6 42 155 27 29 19 
13310/20A 1163 8 102 0.17 12.5 0.1 4190 105 779 934 1 5 10 1 1 3 
13310/21A 1230 75 110 0.41 15.4 1.3 5327 146 950 1144 3 24 43 3 1 6 
13310/22A 1305 150 123 4.5 0.6 16.4 1.6 5933 127 1021 1265 3 37 65 9 1 8 
13310/23A 1380 225 136 0.79 18.2 1.7 6651 111 1105 1401 3 46 85 23 1 10 
13310/24A 1455 300 145 4.9 0.85 18.5 2 6880 100 1142 1443 3 48 96 28 1 11 
13310/25A 1530 375 .143 1.04 20.4 3.8 7638 95 1269 1585 4 76 120 39 4 13 
13310/26A 1576 1 109 3.5 0.17 12.5 0.1 5254 22 931 1082 1 13 29 11 1 6 
13310/27A 1650 75 117 4.9 0.42 13 0.9 5793 30 947 1145 2 38 36 9 7 7 
13310/28A 1725 150 133 4.6 0.61 16 1.4 8340 43 1313 1613 2 81 71 11 1 9 
13310/29A 1800 225 147 5.1 0.73 15.6 2.6 7695 39 1240 1516 3 87 84 25 7 11 . 
13310/30A 1875 300 162 4.8 0.93 16.8 3.4 10044 50 1576 1941 3 119 119 33 8 14 
13310/31A 1950 375 179 5.1 0.93 15.5 3.8 8117 40 1299 1591 3 99 121 40 8 14 
gsperkins 
Oil Condition 
lndex Cycle Hours Vi se TAN Oxidation TBN Soot 
Hours irom chg 40C 
"2 1 a/mm - 500/o ,2% 
1331 Omix/45A 425+300/2 1 188 5.9 0.97 13.7 3.2 
13310mix/45B 228 5.6 1.49 11.4 3.8 
1331Dmix/45C 255 4.8 1.41 9.8 3.8 
13310cleani1A 0 1 108 5.6 0.09 10.4 0.6 
13310cleani2A 144 5.4 0.64 9.8 2.5 
Prepared By: Al\ister Dennis 
Additive Elements 
ea Mg p Zn Cr Cu 
30oom 30pp_m 
4597 1400 1240 1876 7 37 
4322 1368 1158 1775 13 42 
4432 1395 1179 1815 22 47 
3787 93 843 1216 1 4 
5584 97 927 1531 22 37 
Wear Metals 
Fe Pb 
120 ppm 30ppm 
236 49 
274 55 
389 61 
20 5 
362 24 
Job Number: 13310 
Job002 
Sn Mo 
30ppm 
5 21 
6 25 
7 29 
1 5 
3 16 
Oilanal.xls, TLA JOB002 
APPENDIX E 
TYPICAL ENGINE PERFORMANCE PARAMETERS 
AND EGR MEASUREMENT 
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EGR Measurement 
NOx is measured in parts per million (ppm) in the inlet and exhaust of the 
engine. Based on the two measurements EGR % is derived as the % of the 
total engine flow being recirculated back to the engine inlet. 
If the exhaust mass is known (inlet air mass +fuel mass) the mass of EGR can 
be established from the % given. 
EGR% = 100 * (Inlet Manifold NOx I Exhaust Manifold NOx) 
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---------------------------------------- ------------------------
Test Inst. Num!Jel 252034 Engine Type T4.40 FlP _TYPE :EPVE Ambient Humidity glkg 10.8 
Test NtnnbeJ 23 Engine Number ALU851227C FIP_SERIAI.. '7 Ambient Temperature •c 24.0 
Date 17 August 1908 No ol Cylinders 4 HP_BOAE mm: 1.80 Baro (dry) mmHg 747.1 
Te~t Narne Miscellwwous: Hated power/speed kW/rpm 101/2500 HP_LENGTH mm: 476 Baro (wet) mmHg 760.1 
Tesl Bed Number 50 Cylindt~r Volume titres 0.9975 NOZZLE_SET Ats : 250_ATS Fuel Expansivity 0.000660 
Chargu·lo Nwube1 13310 MinfMm::: Speed 1pmlrpm 750/2B50 NOZZLE_ TYPE :LUCAS Specific Gravity of kg/1 0.843 
Enguwl)r's Nurne A .. DENNIS Exh Temp limit ·c 750 Type of Fuel DIESEL 
Testers Narne Djolm Coolant Temp ·c 93 Oit Type!fempfRange -re R\MULA_RX20/20_0BT/200-500 
Smoke Meter io Use AVL Air HomOia mm 47.000 
Time 20:26:21 TurboCilarger Type T25 
TurboC11arger Number ? 
SPEEO TORQUE FAEV FMU _l FIP .. LI OJL_AAI cool_"~Qu CQQl.JNA'iR-=_-IN ___ A_CC __ I_N ___ A_C_C __ OUT ACC_IN_ ACC=·O~;cU;;T-:i~N"o"""'_o"E"P"""HOAN_P _ EXH_T_B EXH_T_.A EXH_P .. e EXH_P _A SMOI<E DYf'CSOI DYN_EOI 
j"'Cj j"Cj Jkpaj _ j'Cj_ ___ _j'fl__ __ J"gi __ {'fL_ _{'fL{~~!~l._.J~i'J/<n_g)_j_I;I;II/TlgJ__j'!'.mH20J____J~fL_j:fj__l~_!!§)__jkN/on1i __ Jj___J'J____l:l 
29.1 40.4 338 92.8 87.4 27.7 164.6 50.0 ~39.4 130.3 5.95 505 675 520 238.4 8.21 0.98 3.0 ·24.0 !revlm! JNonj Jrev~} 2390 391.0 2027 
2390 391.0 502 27.1 39.8 337 92.8 87.8 25.3 160.9 48.8 140.2 131.0 5.99 505 671 517 240.2 7.76 0.93 3.S ·22.0 
26.0 39.2 340 92 8 87.7 24.3 159.8 48.8 141.9 132.7 5.96 507 669 514 240.0 7.96 0.99 3.5 ·22.0 
25.4 3S.8 344 92.8 87.7 23.4 158.6 52.3 140.7 131.2 6.04 507 670 515 239.6 7.89 0.94 3.5 -22.0 
2400 391.0 501 
2400 392.0 502 
2400 391.0 502 24.6 38.8 344 92.8 87.9 22.8 158.2 50.0 142.7 133.3 6.00 508 666 514 24U 7.86 0.92 3.5 ·22.0 
2400 392.0 501 24.0 38.7 344 92.8 87.7 22.2 157.6 48.8 141.6 132.5 6.03 507 668 516 240.7 7.76 1.01 3.5 ·22.0 
2400 392.0 501 24.0 3B.B 344 92.8 87.7 22.4 157.6 47.3 142,3 133.0 5.97 506 671 515 241.3 7.94 0.92 3.5 ·22.0 
24.0 38.8 351 92.8 87.7 22.3 157.4 51.5 141.2 132.0 6.03 506 668 515 240.0 7.87 1.00 3.5 -22.0 2400 392.0 502 
spEED .. TORQUE-·PawEA. BMEP SFC f~rJEl..~V-.. f~DEL~M AFR_W AIA_Fl_W COMP_E BOOST_A DFLOW TVOL_EFF 
jrevln,nj {Nmj jkWj{KNim'J J~IK\'1 h<l Jnwn'l,l<ok•Jin'!J1!1<~\«>L ____ I:I_lkf111Tl_io!L_I"!,L ____ l:L __ j:l_ __ lr•L 
2390 39(00 97.9 1231.4 241.1 98.67 82.26 27.2 10.71 66.7 2.56 22.32 89.90 
2390 391.00 97.9 1231.4 243.7 99.60 83.17 27.0 10.75 67.1 2.57 22.32 89.66 
2400 391.00 98.3 1231.4 244.4 9980 83.41 26.9 10.79 67.4 2.58 22.37 88.95 
2400 392.00 98.5 1234.6 243.5 99.60 83.28 27.0 10.80 67.1 2.57 22.37 .90.63 
2400 391.00 98.3 1231.4 244.2 99.60 83.33 27.1 10.82 67.5 2.59 22.39 89.36 
2400 392.00 98.5 1234.6 244.2 99.80 83.54 27.0 10.82 67.0 2.58 22.37 89.34 
2400 392.00 98.5 1234.6 244.2 99.80 83.54 27.0 10.81 67.3 2.59 22.35 88.62 
2400 392.00 98.5 1234.6 243.7 99.60 83.37 27.0 10.81 67.0 2.58 22.35 90.18 
·-sPEEo-··--·-------·· ·-·--···--·--cO"MMENr··-
_(~~'1~!~L-···--·-·-·-·-·-<··--·--· . ·-- _ .. ___ .. __ ...... ll_. 
2390 fluctuating ACC Oul· 48 lo 52 DegC 
2390 
2400 
2400 
2400 
2400 
2400 
2400 
(J •'16 
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Tesllnst. Number 
le~! NtunGer 
Date 
Test Name 
Test Bed Number 
C:lli:ll\_10-lll Nlllllber 
Engif\8er's Narnu 
Testers Namo 
Smoke Meter in Use 
Time 
2520311 En!]i11e Type 
24 Engino Number 
19 August 19!.18 No of Cylinders 
Miscellaneous:f1un .21808 Rated power/speed 
50 Cylinde1· Volume 
1:-1310 Mi11/Mux Speed 
T4.40 
ALU851227C 
4 
kW/rpm 101/2500 
litres 0.9975 
rpm/fprn 750/2850 
···-·------·----· ---------· ------------· --------------------~ 
FIP _TYPE : EPVE: Ambient Humidity g/kg 8.8 
FIP _SERIAL :? Ambient Temperature QC 25.0 
HP_BORE mm: 1.80 Baro(dry) mmHg 755.4 
HP _LENGTH mm: 476 Baro (wet) mmHg 765.9 
NOZZlE_SET Als: 250_ATS FueJ Expansivity 0.000660 
A __ DENNIS Exh Temp Limit ~c ?so NOZZLE_ TYPE : LUCAS Specific Gravity of kg/1 0.843 ] Type of Ftml DIESEL 
Djohn Coolant Temp 
AVL Air Horn Oia 
00:15:25 T urlloCI1arger Type 
TurboCharger Number 
Oil Typeffern_p/Ranga -re Esso_ 45w/20_115/120_200/500 j oc 93 
rnrn 47.000 
T25 
? 
sPEED roRauE FREV FMu .. r FtP~.T.J otL~RAt cooL .. :ou ·cciOL_tN-·AtAJN_ A·cc~tN_ Acc __ our Acc_tN_ Acc_our tNo_oEP HORN __ P_ ExH_r_a EXH_T_A EXH_P_a EXH_P~A SMOKEovN_sot ovN_EoJ 
Jrev/mi , . JNmJ Jre"J I'"CJ ["Cl _ [kp~J. 1'~1 ___ _['(;!_ .... m __ l~(;L ___ {"fl_lkNI'!'"l_!~~LlkNirnll_l'!'fT1!:!<()l __ j:fL_J'(;LJkN/~i<LJo'!!.m~J--. ll ___ [! __ j1 
2400 393.0 504 .23.0 38.8 351 92.9 87.1 21.8 152.8 50.0 157.8 149.8 4.88 415 656 510 214.4 7.29 1.62 3.5 ·22.0 
2400 392.0 505 23.1 38.8 343 92.9 87.3 22.0 153.7 50.1 157.8 150.6 4.87 415 659 514 215.4 7.51 1.52 3.5 -22.0 
2400 392.0 504 23.0 38.6 346 92.9 87.5 21.6 153.2 46.9 157.8 150.4 4.80 414 664 517 215.9 7.44 1.46 3.5 ·22.0 
2400 391.0 505 22.0 38.7 350 92.9 87.2 20.4 152.3 47.0 158.4 151.0 4.83 4l0 662 516 215.8 7.42 1.48 3.~ ·22.0 
2400 393.0 505 2Ul 38.6 353 92.9 87.4 20.3 151.6 48.6 158.9 151.3 4.89 415 658 513 216 5 7.39 1.55 3.5 -22.0 
2400 394.0 505 21.2 38.5 347 92.9 87.3 19.3 150.9 48.5 158.7 151.3 4.88 415 601 514 215.6 7.20 1.52 3.5 -22.0 
2400 394.0 504 20.9 38.4 357 92.8 87.4 19.4 150.9 52.0 158.7 151.3 4.88 415 660 515 216.0 7.24 1.'13 35 ·22.0 
2400 394.0 504 20.9 38.4 348 92.8 87.4 19.2 150.1 50.4 159.2 15t.G 4.92 415 659 512 217.0 8.20 1.·18 3.5 -22.0 
2400 394.0 504 22.3 38.6 357 92.8 87.3 20.8 151.6 50.0 158.0 150.2 4.90 415 664 516 215.7 7.53 1.-19 3.S ·22.0 
tSI 
··-sP.EEDTORQUE-POweA '"BMEP ·---SfC---~DEl_V-f _DEL_M AFR_W AIR_Fl_W COMP _E BOOST_A DFLOW TVOL_EFF 
.Jre,/minl_ . JNmJ _ Jk\VIIKNim'l Jg/~W hrJ JmfTj'istrok~Jirng"lro~~~- _ [:l __ l~g/'!'inJ ___ {<jr;I_ ___ [:L_ ___ H __ _j<Jr'L 
2400 393.00 98.8 1237.7 242.3 99.21 83.11 24.8 9.89 73.2 2.70 20.26 76,04 
2400 392.00 98.5 1234.6 242.4 99.01 82.94 24.8 9.89 72.8 2.70 20.26 75.80 
2<100 392.00 98.5 1234.6 242.9 99.21 83.11 24.8 9.88 72.7 2.70 20.24 75.07 
2400 391.00 98.3 1231.4 243.3 99.01 83.01 24.7 9.85 72.5 2.71 20.15 74.72 
2400 393.00 98.8 1237.7 242.1 99.01 83.02 24.9 9.91 73.0 2.71 20.26 75.45 
2400 394.00 99.0 1240.9 241.6 99.01 83.06 24.9 9.93 72.5 2.71 20.26 75.56 
2400 394.00 99.0 1240.9 242.1 99.21 83.24 24.8 9.93 72.6 2.71 20.26 76.37 
2400 394.00 99.0 1240.9 242.1 99.21 83.24 24.9 9.93 73.1 2.72 20.26 75.93 
2400 394.00 99.0 1240.9 241.8- 99.21 83.15 24.8 9.91 73.1 2.70 20.26 76.05 
.... - ·- ----·-· ·-·--·-····--- ·-···------~::-;;-:~;--;-;-:-;:-;:=---------=:o:-::c=C""l 
SPEED TORQUE CO_AAW CO HC_RAW_WET HC NDX_RAW_WET NOX_C INL_MAN_NOX COMMENT 
.J~v/rnlnJ __ JNrnL JpprnJ JgihrJ ___ _IPPrnL {gihrL_ ____ JpprnJ_Igfllrj__Jt'J!f'](9.Qll ----------'L 
2400 393.00 70 38.62 20 5.90 408 391.97 43 
2400 392.00 0 0.00 0 0.00 0 0.00 0 EGA NOx very slow to span,' outside 1 min 
2400 392.00 0 0 DO 0 0.00 0 0.00 0 
2400 391.00 0 0.00 0 0.00 0 0.00 0 
2400 393.00 0 0.00 0 0.00 0 0.00 0 
2400 394.00 0 0.00 0 0.00 0 0.00 0 A power(malns) occured at point 50. 
2400 394.00 0 0.00 0 0.00 0 o.oo 0 
2400 394.00 0 0.00 0 0.00 0 0.00 0 
2400 394.00 0 0.00 0 0.00 -------- ~-~e:~_o --- 0-·-·------·------------
LAYOUT AJDTS4,CL y I 
--------·-··· --· ------ ______ _j 
Test Inst. Numi.JtH 252034 Engine Type T4.40 FIP _TYPE EPVE Ambient Humidity g/kg 8.2 
Test Number 25 Engine Number ALU851227C FIP_SERIAL ? Ambie11t Tempert~ture •c 25.0 
Date 24 August199tl No of Cylinders 4 HP _BORE mm 1.60 Bare (dry) mmHg 751.0 
Test Name Emissions:Start_and .. warr Rated power/speed kW/rpm 10112500 HP_LENGTH mm 476 Baro (wet) mmHg 760.5 
Test Bed Nwnbe1 50 Cylinder Volume litres 0.9975 NOZZLE_SET Ats 250_ATS Fuel Expansivity 0.000060 Charge-to Number 13310 Min/Max Speed rpm/rpm 750/2850 NOZZLE_ TYPE LUCAS Specific Gravity of kg/1 0.843 
Engineer's Name A .. DENNIS Exh Temp Limit "C 750 Type of Fuel DIESEL 
Testers Name Gsharpe Coolant Temp ·c 93 Oil Typeffemp/Range -/°C Esso_ 45w/<'0_115/120_;.;oo/500 
Smoke Meter in Use AVL Air Horn Dia mm 47.000 
Time 19:48:33 TurboCharger Type T25 
TurboCharger Number ? 
SPEED TORQlJE.FFiEV.FMU~T "flpjj'oiL~RAico-oL:::-ou- COOL_IN AIA_IN_ ACC_IN_ ACC_OUT ACC_IN_ ACC_OUT IND_DEP HORN_P_ EXH_T_B EXH_T_A EXH_P_B EXH_P_A SMOKE DYN_SOI DYN_EOI 
Ir!'/ml_. _ l~rnLI'•"L !"~! .. {"Cl fkRaL __ _l"g) ___ l:fl ___ f:fl __ j'gL_j:fl_jkN/m2j_{kN/m2) jkNim2UmmH20)____J'Cj {'gLJI<f'JJ!r@__jl<_'!i!!\?L_JL_l'L ... _ • 
2400 391.0 446 -22.4 39-:-o 352 92.8 87.0 21.4 155.6 49.o 163.3 156.3 4.12 357 679 533 201.3 6.60 2.06 3.0 -22.o 
2400 391.0 505 21.8 38.7 350 92.8 87.0 20.3 153.9 49.9 163.7 157.3 4.12 355 679 533 201.5 6.52 2.10 3.0 ·22.0 
2400 390.0 564 20.8 39.0 352 93.0 87.2 19.2 153.4 49.6 165.6 159.0 4.03 346 683 536 199.7 6.18 2.20 3.0 ·22.0 
2400 387.0 505 20.1 38.9 355 92.9 87.1 18.4 153.0 49.6 166.3 159.7 4.08 352 684 538 201.8 6.11 2.13 3.0 -22.0 
2400 389.0 505 19.6 38.9 354 92.8 87.0 18.0 152.0 49.5 165.6 159.2 4.11 351 682 535 201.3 6.01 2.04 3.0 -22.0 
2400 391.0 505 19.2 38.8 354 92.8 87.1 17.6 151.8 49.8 165.8 159.1 4.14 355 679 533 203.3 6.01 1.95 3.0 -22.0 
SPEED TORQUE POWER OMEP SFC F ... DEL_V F_OEL....M AFA_W AIR_Fl_W COMP_E OOOST_A DFLOW TVOL_EFF 
{r~~!f!li~J . fN~I 1~'!'!'1 ~~~'l"!l'J lll'~'{·(~fl {1"f!!"!!3!~!f~~U!nll~~Q~~l ___ [:J_I~[Ifi.:!!!:!l. ____ I!~l ____ J:I ____ {:l. __ .. _I!~L-
2400 391.00 96.3 1231.4 275.4 112.11 93.96 20.3 9.17 72.8 2.75 18.92 68.74 
2400 391.00 98.3 1231.4 243.3 99.01 83.02 23.0 9.16 73.0. 2.75 18.87 68.61 
2400 390.00 98.0 1228.3 218.6 88.65 74.39 25.4 9.07 72.9 2.77 18.63 67.39 
2400 387.00 97.3 1218.8 246.2 99.01 83.13 22.9 9.16 72.7 2.78 18.79 67.86 
2400 389.00 97.8 1225.1 245.0 99.01 83.16 22.9 9.15 72.8 2.77 18.76 67.92 
2400 391.00 98.3 1231.4 243.8 99.01 83.19 23.1 9.21 72.7 2.77 18.87 68.43 
-SPEED-TCiA<iiE-CO)lAW- --CO-Hc:-fiAw_WET HC NOX __ AAW_WET NOX_C COMMENT 
i'!~'rni~J ____ INrnl __ !R~mLIU'"'L . _ ---~~~rnL (gltut _____ l~Prnl_Ialh!l _!L 
2400 391.00 100 50.70 21 5.80 305 270.17 e.g.r.nox45ppm 
2400 391.00 06 48.93 26 7.13 324 286.55 EGR=42ppm 
2400 390.00 107 54.20 22 5.95 317 277.83 EGR =52 ppm 
2400 387.00 105 53.47 25 6.85 312 275.89 EGR =51 ppm. 
2400 389.00 102 51.90 20 5.48 321 283.69 EGR =58 ppm 
2400 391.00 95 48.65 -· __ ~~- .. ~:~! _____ _22~~1.74 EGR =57 _e!:_m. 
LAYOUT AJDTS4.CL Y 


